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The tendency in electronics to produce smaller and lighter devices with higher power 
output causes the need to improve some properties that existent materials do not 
meet. Reducing the size of these devices while increasing their work speed results in 
an increase in the frequency of electrons circulating in a specific area. As it is known, 
the circulation of electrons emits heat by Joule effect, which must be removed to 
maintain the operating temperature. This is directly related to efficiency, useful 
lifetime and prevention of premature equipment failures.  
In this doctoral thesis we delve into the field of high thermal conductive and 
electrically insulating epoxy thermosets. The next generation of packaging materials 
are expected to possess high thermal dissipation characteristics in addition to low 
thermal expansion coefficient (CTE). To remove the accumulated heat generated by 
high performance electronic devices is crucial for proper operation and would 
contribute to the improvement of their capabilities. Moreover, the enhancement of 
these properties may fulfill the demands in other spreading out industries as power, 
thermal energy storage, electrical, light emitting diodes (LEDs), sensors, aerospace, 
automotive or naval engineering among others. 
Epoxy resins are a kind of thermosets extensively used to coat and encapsulate 
elements of electronic devices such as laptops, smartphones, digital cameras, 
televisions, and all types of modern appliances. Epoxies are used for their excellent 
properties such as exceptional adhesion ability to a huge range of different surfaces, 
the good protection capacity against moisture and physical and chemical aggressive 
environments, notable temperature resistance, electrical insulative character to avoid 
short circuits in electronic devices and their easy processability and relative low cost. 
However, as is common in polymers, epoxy-based thermosets lack good thermal 
conductivity (in the range of 0.2 W/m·K). The most economic and simple technique to 
face this issue is still today through the addition of high thermal conductive fillers.  
Two different epoxy resins have been used as the starting material. One based on a 
diglycidyl derivative (DGEBA) and the other on a cycloaliphatic epoxy (ECC). During the 
research, we have developed the optimization of two different latent cationic epoxy 
systems, which leads to the homopolymerization of the epoxy resins used. The 
initiator selected in both cases was a commercial benzylanilinium salt. In the case of 
ECC monomer, it was required the addition of little amounts of triethanolamine (TEA) 
to confer the latency to the formulation. In order to facilitate the curing of the DGEBA 
resin, a little proportion of glycerol was added favoring the activated monomer (AM) 
mechanism. Alternatively, a tetrafunctional thiol hardener (PETMP) was used to cure 
ECC by a polycondensation mechanism using 4-(N,N-dimethylamino)pyridine (DMAP) 
as the base acting as the catalyst. 
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The fillers added into the matrix in this work can be divided in two groups: ceramic 
fillers and carbon-based materials. Among the ceramic particles used, stands out the 
hexagonal form of boron nitride (BN). This material gathers a set of properties that 
make it ideal to be used as a filler to meet the objectives. BN provides high thermal 
conductivity, low dielectric constant and high electrical resistivity, low CTE and 
density, high mechanical strength and chemical and thermal stability. Different sizes 
and shapes of this filler were tested. Other ceramics were also essayed, such as 
alumina (Al2O3), aluminium nitride (AlN) and silicon carbide (SiC). Among carbon-
based materials, carbon nanotubes (CNTs) and expanded graphite (EG) were used. 
Carbon nanotubes are the most studied nanomaterials to date, motivated by the 
intrinsic high thermal conductivity as well as the mechanical behavior they present. 
Expanded graphite has received much attention in recent years in the field of 
composites for its properties, emphasizing its low cost and extremely low density. Due 
to the electrical conductivity of the carbonaceous materials, their proportion in the 
composite had to be limited and they were mixed with BN to maintain the electrical 
insulation of the composites, improving the thermal conductivity. 
Differential scanning calorimetric (DSC) analyzes were performed to optimize the 
curing of the epoxy formulations and determine the influence of the filler addition 
during the reaction. The rheological tests allowed to determine the gel point of DGEBA 
formulations and the influence of a variable proportion of added BN. Also, this 
technique provides information of the viscoelastic properties of the formulations 
before curing. These studies allowed us to determine the percolation threshold 
concentration. 
Once cured, the thermosets were characterized by many different techniques. The 
thermogravimetric analysis (TGA) determined the stability of the composites against 
temperature. The dynamic mechanical thermal analysis (DMTA) evaluated the 
dependence of the mechanical characteristics with temperature. Knoop 
microindentations were performed to evaluate the hardness of the materials. The 
composites were inspected by environmental scanning electron microscopy (ESEM) 
to observe the fracture surfaces and the final dispersion of the particles in the matrix. 
Thermo mechanical analysis (TMA) allowed to determine the thermal expansion 
coefficient of the materials obtained. Some materials were examined by X-ray 
diffraction to know the purity of the fillers and their crystalline structure.  
DGEBA thermosets were evaluated both in their adhesion to metallic surfaces by 
tensile lap-shear strength of bonded assemblies’ and in their resistance to fracture by 
impact test. Moreover, their dielectric breakdown strength was determined. In 
addition, the electrical resistivities of the materials with BN and carbon particles were 
determined, to discern their possible use as electrical insulating materials. More 
importantly, the thermal conductivity of all the performed materials were determined 
by the transient hot bridge (THB) method. 
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In general, the fillers act as reinforcement inside the epoxy matrix and improve the 
mechanical behavior of the materials. The CTE is gradually reduced with the addition 
of fillers. Up to a certain concentration of particles, the toughness of epoxy resins is 
improved. Slight differences in thermal stability were found between the neat and 
composite materials, only differentiated by the less proportion of matrix that could 
be degraded. 
Low proportions of carbon materials are enough to cause a decrease of several orders 
of magnitude in the electrical resistivity of the thermosets. Nevertheless, the 
combination with BN particles leads to the possibility to use EG and CNT at higher 
concentration since BN acts as a barrier for the transmission of the electrons. The 
materials with the best performances in the proposed objectives were those of 
homopolymerized ECC with the combined addition of 70 wt. % of BN platelets and 2.5 
and 5 wt. % of EG. The values of thermal conductivity improved by more than 1600 % 
in reference to the neat epoxy and were 2.08 and 2.22 W/m·K, respectively. These 
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A. List of abbreviations 
°C  Celsius degree 
1-MI  1-Methyl imidazole 
3D  Three dimensional 
A  Electrode area  
AC  Alternating current circuit 
ACE  Activated chain end mechanism 
AM  Activated monomer mechanism 
Ap  Area of indentation in mm2  
b  Width of sample  
CNT  Carbon nanotube 
Cp  Heat capacity or Indenter constant   
CTE  Thermal expansion coefficient 
CVD  Chemical vapor deposition 
d  Distance between crystalline planes  
DC  Direct current circuit 
DGEBA  Diglycidyl ether of bisphenol A 
dH/dt  Heat rate 
DMAP  4-(N,N-dimethylamine)pyridine 
DMTA  Dynamic-mechanical thermal analysis 
DNA  Deoxyribonucleic acid 
DSC  Differential scanning calorimetry 
dT/dt  Heating rate  
dT/dx  Rate of temperature change in one direction  
dx/dt  Curing rate  
E Activation energy / Energy loss of pendulum with the sample / 
Experimental breakdown strength / Young Modulus  
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E*  Complex modulus 
E’  Elastic storage modulus 
E’’  Viscous loss modulus 
E0  Energy loss of pendulum without the sample / Scale parameter 
Ea  Activation energy 
ECC  3,4-epoxy cyclohexylmethyl 3,4-epoxy cyclohexane carboxylate 
ee  Epoxy equivalent 
EEW  Molecular weight per epoxy equivalent 
Ef  Elastic modulus of the filler  
EG  Expanded graphite 
EHP  Electrical heated plates 
Em  Elastic modulus of the matrix  
Eq.  Equation 
ESEM  Environmental scanning electron microscopy 
ETW  Molecular weight per thiol equivalent 
f  Volume fraction 
FWHM  Full width at half maximum 
g  Gram 
G’  Elastic shear modulus 
G’’  Viscous shear modulus 
Gly  Glycerol 
GNP  Graphite nanoplatelets 
GO  Graphene oxide 
i  Number of results sorted in ascending order 
ICDD  International center of diffraction data 
IS  Impact strength 
IUPAC  International Union of Pure and Applied Chemistry 
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J  Heat flux per unit area / Joule  
K  Kelvin degree 
k  Kinetic constant / Thermal conductivity 
ke  Thermal conductivity contribution due to the movement of electrons 
KHN  Knoop microindentation hardness 
kL  Thermal conductivity contribution due to the movement of phonons 
l Length of indentation in mm / Phonon mean free path / Sample 
thickness 
L  Load applied / Sample thickness / Support span 
L0  Initial sample length 
LED  Light emitting diodes 
LVR  Linear viscoelastic region 
m  Gradient of the slope / Meters   
min  Minutes 
MWCNT Multiwalled carbon nanotube 
n  Number of samples / Variable number   
o-CNT  Oxidized carbon nanotube 
P  Cumulative probability 
PC  Polycarbonate 
PCB  Printed circuit boards 
PE  Polyethylene 
PET  Polyethylene terephthalate 
PETMP  Pentaerythritol tetrakis (3-mercaptopropionate) 
phr  Parts per hundred of resin 
PMC  Polymer-matrix composite 
PMMA  Poly(methyl methacrylate) 
PP  Polypropylene 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 




PS  Polystyrene 
PU  Polyurethane 
PVC  Polyvinylchloride 
R  Electrical resistance / Gas constant 
ROP  Ring-opening polymerization 
S  Cross-section of the sample 
s  Seconds 
SAOS  Small amplitude oscillatory shear 
SSA  Specific surface area 
SWCNT  Single walled carbon nanotube 
T tan δ  Temperature of maximum of the tan δ peak 
T  Temperature 
t  Time / Thickness of sample 
T2%  Temperature of decomposition for a 2% weight loss 
T5%  Temperature of decomposition for a 5% weight loss 
Tc  Curing temperature 
TC  Thermal conductivity 
TCA  Thermally conductive adhesive 
TEA  Triethanolamine 
TES  Thermal energy storage materials 
Tg  Glass transition temperature 
TGA  Thermogravimetric analysis 
tgel  Gel time 
TIM  Thermal interface material 
TMA  Thermomechanical analysis 
Tmax  Maximum temperature 
Tpeak  Temperature of the peak 
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Troom  Room temperature 
U-process Umklapp process 
UV  Ultra violet 
V  Volume 
vol. %  Volume percentage 
W  Watts 
wt. %  Weight percentage 
x  Degree of curing 
Xgel  Gel conversion degree 
XRD  X-ray diffraction 
α  Thermal diffusivity 
β  Critical exponent / Shape parameter 
Δh  Enthalpy of the curing proces 
ΔH  Heat difference 
Δhg  Heat released of gelled samples 
ΔhT  Heat of complete conversion 
η  Viscosity 
η*  Complex viscosity 
ϴ  Angular diffraction angle 
κ  Thermal conductivity 
λ  Thermal conductivity / Wavelength of X-ray beam   
ν  Average of phonon velocity 
ρ  Density / Electrical resistivity 
σ  Electrical conductivity 
τ  Apparent lap-shear strength  
ω  Angular frequency 
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1.1. Overview of polymeric materials 
From the point of view of materials science, a material is any substance that is 
useful to humanity. Highlighting the group of solid materials, they were traditionally 
classified as metals, ceramics, polymers and a combination of them to form composites. 
The ability to produce and handle materials reaches such importance that labelled the 
progress of the early civilizations (Stone Age, Bronze Age, Iron Age).1 The development 
of technologies has caused a transformation in the way that science has studied and 
produced new materials. From the conception of having a material with given 
characteristics; what can be used for? To the need for a material with specific properties; 
how to create it? The key idea for this change is the understanding of the materials 
paradigm, which can be represented as a tetrahedron with the vertices: structure, 
properties, processing and performance; with characterization in the centre (Figure 
1.1).1 Knowing the structure-property correlation leads scientists to understand the 
principles for modulating new materials through different manufacturing processes with 
the needed performances and improvements. 
 
Figure 1.1. Materials paradigm represented in form of tetrahedron. 
Much of the knowledge about materials has been developed during the last 200 
years, when technology has experienced a spreading advancement. This has allowed to 
create thousands of new materials with the desired characteristics to make lives easier 
and more comfortably. One of the material types that has contributed the most to the 
well-being of society, coinciding with its "discovery" with the great technological 
development, has been polymers, including familiar plastic and rubber materials. 
Although the great industrial development of polymeric materials occurred since the 
mid-twentieth century, they have been used for many years. Strictly speaking, polymers 
have been used since the dawn of man, considering that materials such as wood, animal 
skins or vegetal fibres are being used since ancient times. Moreover, the indigenous 
cultures of Mesoamerica have used rubbers for centuries, from which the natural latex 
tree Hevea brasiliensis comes from.2 
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A polymer is a material with large molecules made of many smaller repeating 
units of the same kind. By definition “poly” indicates a several number of repetitive parts 
(“mer”) or molecules, which are usually called monomers and refers to single blocks. 
Within this group we can find diverse types of macromolecules such as DNA or plastics. 
The common word plastic comes from the Greek verb plassein, meaning “to mold or 
shape” in terms of deformability, and this is thanks to their structure of flexible chains 
of carbon atoms or the small molecules bonded in a repeating pattern.3 Polymers are 
mainly characterized to be organic materials based on hydrogen and carbon atoms, 
connected to each other to form chains or more complex structures, commonly 
including other non-metallic atoms such as S, N, O, Si, etc.  
Polymers can be classified from different perspectives according to several 
characteristics. A general classification of polymers can be represented as follows: 
 
Figure 1.2. General classification of polymer materials. 
There are two main categories of polymer materials based on their thermal 
behaviour. An accepted general way to distinguish thermoplastics from thermosets is 
examining their behaviour when exposed to heat. Thermoplastics, whether amorphous 
or semi-crystalline, when heated, their chains move freely, and fluidity increases. On the 
contrary, the thermosets remain in solid state thanks to their strong covalent bonds, 
which when destroyed at high temperatures, they are degraded into gases and ashes 
























2. Branched chain polymers
3. Cross-linked polymers
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The processing of thermosets and thermoplastics are also differentiated. While 
thermoplastics must be heated at a certain temperature to flow and solidifies on cooling 
on the desired mould shape, thermosets are irreversibly formed by curing the 
appropriate formulations directly on the desired mould or surface.  The curing requires 
a curing agent and it is induced by heat or suitable radiation. Thermoplastic materials, 
with weak interactions or secondary forces (Van der Waals or dipole-dipole hydrogen 
bonding) between their chains, can be deformed elongating by the action of external 
forces. On the other hand, thermosets can create an insoluble 3D polymer network that 
can be considered to have an infinite molecular weight, with strong bonds that can 
poorly withstand deformation. There are also thermosets having a linear structure, but 
their rigid chain leads to these polymers to be insoluble and infusible like if they were 
3D structures.   
Mechanically, we can add another class of polymers according to their stress-
strain behaviour when a force is applied: brittle, plastic and elastomeric. The brittle 
ones, according to their crosslinked structures, are related to thermosets. They possess 
high Young’s modulus, but they are fragile and can break without plastic deformation. 
Plastic polymer materials, showing both elastic and plastic behaviour, are associated to 
thermoplastics. In the viscoelastic materials, part of the deformation suffered is 
recovered (elastic part) and the other is not (viscous). Polymers with long elastic 
deformation, able to reach hundreds of strain percentages, are known as elastomers 
(being vulcanized rubber the most illustrative example), and they are included in the 
thermosets group. The elasticity they possess is derived from the ability to reconfigure 
the arrangement of their chains to distribute an applied force, reversibly when the stress 
is removed. 
Based on their source we can distinguish separate kinds of polymer materials. 
Those derived from plants and animals are named natural or biopolymers and used 
without suffering any chemical process. In this group we can find materials such as wool, 
silk, leather, natural rubber and others formed by polynucleotides, polypeptides, 
polysaccharides, lignin, etc. DNA, of crucial importance in biology, and cellulose, from 
which wood and paper are manufactured, stand out among this type of polymers. If they 
are subjected to a chemical process they are converted into semi-synthetic polymers, as 
in the case of the vulcanized rubber, nitrocellulose and cellulose acetate.  
Many of the polymers that are used today are synthetic, considering that they 
can be produced economically on a large scale from the corresponding monomers, and 
their properties can be managed to obtain products that improve natural polymers 
characteristics. They can be obtained from a great variety of monomers following 
different synthetic procedures and therefore a huge variety of materials can be 
produced. Among synthetic polymers we can consider: nylon, Neoprene, Teflon, 
polystyrene (PS), polyethylene (PE), polyvinylchloride (PVC), polypropylene (PP), 
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polyethylene terephthalate (PET), polyurethanes (PU), epoxy resins and melamine, 
phenol and urea formaldehydes, as examples.  
A singular case of polymers are the so-called inorganic polymers, since their 
principal backbone chain are not constituted by carbon atoms. Silicones, also known as 
polysiloxanes, and polyphosphazenes and polysulphides belongs to this class. 
Lubricants, coatings and sealants are the most typical uses of that silicones, as well as in 
biomedicine and cosmetics. 
The incorporation of monomers into the polymeric structure leads to the 
formation of repetitive units. As introduced above, the classification of the polymers can 
also be based on the presence of one or more repeating units in the polymeric structure. 
If there is a single kind of structure, they are known as homopolymers, whereas if they 
are made up of at least two different repeating units, they are termed copolymers. PE, 
PVC, PP, PS, phenol-formaldehyde or polycarbonate (PC) are some standard examples 
of homopolymers, and the nature of monomers mainly determine the final properties 
of materials. However, when more than one monomer in various quantities are 
polymerized, an infinite variety of polymers can be synthesized. Depending on the 
disposition of the repeating units we can differentiate copolymer types as: statistical or 
random, alternating or regular, block or graft copolymers.5 
Large differences in the physical characteristics of polymers depends on the 
topological structure they present. Linear polymers are those formed for long single 
chains. The tetrahedral geometry of carbon atoms can lead to the formation of non-
straight chains and for this reason linear polymers have always been imagined as a mass 
of spaghetti. Some common linear polymers are high density PE, PVC, PS, nylon and 
poly(methyl methacrylate) (PMMA).  
Branched polymers may be synthesized in which ramifications have grown in the 
main chain. The length and the ratio of branches to linear segments change the 
materials behaviour. The chain packing efficiency is reduced by the formation of 
branches, lowering the polymer density compared to linear structures.1 Low density PE, 
with short branches in its primary chain is an example of branched polymer. A perfectly 
symmetrical branched macromolecule, resembling a family tree with spherical and 
three-dimensional morphology is denominated dendrimer.5  
Another important structure that polymers can have is the crosslinked or three-
dimensional network. Crosslinked polymers are those whose chains are covalently 
bonded among them at various positions and extended through the whole material to 
form a bulk polymer. The degree of crosslinking determines the polymer behaviour and 
can be calculated according to Flory’s Network Theory.6 In rubbers this covalent bonding 
is called vulcanization. Most thermosets are formed by repetitive units covalently 
bonded forming a 3D network.  
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There are other different topologies, named also architectures, such as brushes, 
stars, ladders, hyperbranched, etc., which can be engineered for advanced applications 
(Figure 1.3). 
 
Figure 1.3. Some topologies that polymers can adopt. 
The polymerization process is carried out basically by three different 
mechanisms: polyaddition, polycondensation and ring-opening polymerization. One of 
the classifications of polymers are based on these mechanisms. PE, PP and PVC are 
obtained by polyaddition, which occurs by adding monomers to a growing polymer 
chain, usually in three steps: initiation, propagation and termination. Polyaddition 
requires an initiator to start the first step and to form an active specie. Then, the reaction 
propagates enlarging the polymer chain, by adding the monomer molecules, one by one, 
to this active point. Finally, when all the monomers have been incorporated or the active 
chain end has been deactivated, the termination step occurs. High molecular weight 
polymers are formed even at low conversion degrees. 
The second polymerization mechanism is polycondensation, also named step-
growth polymerization. The monomers usually have two functional groups of different 
characteristics able to react by typical organic synthetic reactions. These reactions are 
produced step by step, and in some cases little molecules such as water are evolved. 
High molecular weights are not reached until the conversion is practically complete. 
Functional groups disappear rapidly on reacting and therefore polymerization rate goes 
down. Polyamides, polyacetals, nylons and polyesters are examples of polymers 
performed by this mechanism.  
The last important type of mechanism is the ring-opening polymerization (ROP), 
which is a form of chain-growth polymerization as the polyaddition. ROP can proceed 
via radical, anionic or cationic polymerization. The distinctive characteristic of these 
mechanism falls in the presence of rings in the starting monomers, opened by the 
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reaction of the groups forming new bonds. Some cyclic monomer groups are listed as: 
epoxide, oxetane, aziridine, lactone, lactide or oxazoline for example.  
Other possible classifications, not included in Figure 1.2, could be based on the 
molecular weight, the crystallinity degree and structural isomerism or tacticity they 
presented, as well as their application field.  
Polymer characteristics such as chemical structure, crystallinity degree, 
molecular weight, topology or regularity notably influence on properties such as 
viscosity, thermal behaviour, mechanical resistance and applicability. For this reason, 
polymers can be considered among the most versatile materials, with a non-stop 
development of new polymers for a growing number of applications. From the discovery 
of the Bakelite in 1907 the civilization starts The Age of Polymers.   
1.2. Thermosets 
The first polymer synthesized made of chemically crosslinked chains was a 
phenol-formaldehyde resin. It was called Bakelite and was the first thermoset, 
discovered by Baekeland.7 Since then, a large variety of different thermoset families 
have been developed, among them the most typical examples, with the largest amount 
of production, are the urea-formaldehyde resins, unsaturated polyesters and epoxy 
resins. Other typical thermosets families are alkyds, vinyl esters or allyl resins among 
others. 
Globally, thermosets represent less than 20% of world polymer production. 
Despite this, the quantities produced per year are quantified in millions of tons and it is 
estimated that the global market will reach several tens of billion dollars.8 The large 
consumption of these materials is due to their specific properties that make them 
irreplaceable for the superior mechanical and thermal behaviour and chemical 
protection capability. From a very general point of view, polymers are considered "soft" 
materials and have a higher elastic and plastic deformation capacity compared to 
ceramic and metallic materials. In contrast, thermosets, as mentioned above, are 
characterized by forming a covalent network that makes them “rigid”, within the rigid 
that polymers can be. 
The preparation of crosslinked thermosets, also called curing, usually starts from 
liquids or dense resins which are polymerized in the presence of curing agents. The 
formulations used to prepare thermosets can be composed of several ingredients, being 
a mixture of monomers or comonomers the essence, but also containing curing agents, 
additives and in some cases catalysts.  
Conventional thermosets, after curing, cannot be reshaped in contrast with 
thermoplastics. They withstand high temperatures before degrading, and they possess 
high stability against chemical attacks and a high structural integrity. These 
characteristics are used in applications that require thermal stability and resistance to 
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aggressive environments such as coatings and paints, or objects that require a stable 
form and durable materials such as polymeric recipients, construction equipment panels 
and components, etc., all this being able to be made in complex shapes. 
One of the most important parameters in the polymer chemistry is the 
monomer’s functionality, which determine the final topology of the polymer. According 
to IUPAC, the term functionality is defined as the number of bonds that a given 
monomer can form with others. The functionality of a monomer depends both on the 
number of reactive functional groups in the structure, and on the curing mechanism 
selected. In some cases, a functional group can form an only new bond in the 
polymerization, but changing the type of mechanism, the same functional group can act 
as a bifunctional, because it forms two new bonds. To obtain 3D networks at least, each 
monomer must have a functionality higher than two. The addition of bifunctional 
monomers to the formulation reduces the crosslinking density of the thermoset and 
increases the flexibility of the network. These types of monomers are named reactive 
diluents. 
Non-crystalline or amorphous polymers are characterized to present a “glass 
transition temperature” (Tg), such a discontinuity in the heat capacity. It is a crucial 
physical parameter for polymer manufacturing, processing and use. Inherent in polymer 
materials even they are semi-crystalline, Tg is a physical change of the properties at a 
certain temperature range. Below Tg, a polymer has hard properties (vitreous or glassy 
state), while above Tg, there is a sudden decrease in the mechanical properties (rubber 
state). The glass transition may be modified by adjusting the degree of branching or 
crosslinking or by the addition of plasticizers.9 The stiffness, heat capacity or thermal 
expansion coefficient are some of the properties affected by this transition. Rubbers are 
so named because their Tg is below ambient temperature. Microscopically implies the 
cooperative movement of the polymeric chains sliding to each other when they are 
subjected to a force. 
One of the more important physical transitions during the crosslinking of 
thermosets is the “gelation” whatever the polymerization procedure is produced, even 
though the transition primarily depends on the type of reaction. Also known as gel point, 
this phenomenon occurs during the branching and creation of the covalent bonds 
among the monomers and is characterized to transform the liquid resin into a 
crosslinked gel, while the viscosity of the system is increasing. At a particular conversion 
degree (Xgel), the viscosity system rises to infinite, and from that moment, the material 
starts to become a solid and no longer can be reshaped. It must be noticed that gelation 
is an irreversible process. Hence it is importance to know this transition in industrial 
production processes. From the molecular viewpoint, the insoluble gel is produced 
when a network that interconnect all the species present in the blend is formed, even 
though not all the functional groups have already been reacted. The gelation process is, 
in general, a phenomenon that does not affect the rate of curing, so it must be analysed 
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by techniques sensitive to changes in viscoelastic properties, such as rheology or 
thermomechanical analysis, or by solubility tests.  
The other important transition that can take place during the curing of 
thermosets is the “vitrification”. Vitrification may occur when the conversion of the 
monomers reaches a point such as the material changes from behaving as a liquid or gel 
(if the conversion is greater than the Xgel) to a glass. The vitrification is highly influenced 
by the temperature at which the curing is carried out, since if it is far lower than the Tg 
the mobility of the molecules is restricted, and the reaction rate becomes controlled by 
diffusion. At that point, the only way to complete the polymerization is by heating to a 
temperature close to or higher than Tg. It is a reversible process, unlike gelation. It must 
be mentioned that the Tg of the system increases as the functional groups react. Hence 
the importance of choosing the curing temperature well, in which the differential 
scanning calorimetry (DSC) can be very useful. 
As discussed in the previous section, thermoset polymers are generally 
mechanically stronger than thermoplastics due to their 3D crosslinked network. In 
addition, they better suit applications at high temperature up to their decomposition, 
keeping shape and most of their characteristics. However, a wide range of properties 
exists, which can be obtained from the proper combination of monomers, catalyst, 
curing agents, curing schedule and additives used. The higher the crosslinking density 
the higher the resistance when exposed to heat or chemical attacks. In the same way, 
the mechanical strength and hardness improve with the crosslinking degree, at 
expenses of brittleness. Some fibbers or fillers are also commonly added to the 
formulation, which can respond both to obtain the desired final properties and to 
reduce the production cost. We can refer to them as reinforced polymers or composites, 
and practically all thermosets used for structural applications are within this group. 
Thermosets can be divided in different types, according to the monomers used, 
curing agents and the chemistry implied. A brief comment will be exposed on each of 
the most common ones. Epoxy resins will be extensively reviewed in the next section.  
Phenolic or phenol formaldehyde resins, the first commercialized synthetic resins 
as Bakelite, are obtained by the reaction of phenol with formaldehyde. Many molded 
products as billiard balls, various sorts of boards, laboratory countertops, coatings and 
wood adhesives are among its most important applications that resins offer at low cost 
and good compatibility with substrates. Phenolic resins are also found in myriad 
industrial products and laminates. An important subgroup of phenolic resins is the 
Novolac (name appointed by Baekeland), composed by a stoichiometric deficiency of 
formaldehyde (see Scheme 1.1). A second monomer must be used to complete the 
phenol polymerization (usually methylphenols) using acid-catalysis and needs a 
hardener to be crosslinked. The uses of Novolac include high temperature resistance 
resins, tire tackifiers, binders with glass and mineral fibers to produce thermal and 
acoustic insulators and as curing agent for epoxy resins.10  
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Scheme 1.1. Preparation of phenol-formaldehyde resins. 
Urea-formaldehyde thermosets are primarily used as a binder for plywood and 
particle or fiberboards. The idealized structure of the resin is depicted in Scheme 1.2. 
The good adhesion to wood is due the high concentration of polar groups and the 
reaction between hydroxyl groups of the resin and cellulose to form ketal moieties. 
Related amino and melamine formaldehydes are used in paper for improving tear 
strength, in molding electrical devices, jar caps, kitchen surfaces, cooking tools, etc. They 
possess a good compatibility with pigments and dyes and are ease of printing for an 
attractive appearance.11 
 
Scheme 1.2. Preparation of urea-formaldehyde resins. 
Polyurethanes (PUs) are made by condensation of bi- or trifunctional isocyanates 
with polyols (see Scheme 1.3). They require the use of a catalyst. The variety of 
applications of PUs is huge by varying the isocyanate, polyol or additives. Aromatic 
polyurethanes discolor when exposed to light while aliphatic isocyanates have a better 
color stability. High resistance to moisture and long-time durable, in general, 
temperature limits their applications in the range of 100-150 °C because the reaction 
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between isocyanates and alcohols is reversible at higher temperatures. The most 
extended use of PUs (approximately three-quarters) is in form of foams, ranging from 
flexible to rigid, giving products with good insulating characteristics at considerably low 
density. For that reason, is extensively utilized to fill gaps as insulator in construction 
and furniture. Other foam uses include seat cushions in vehicles and upholstered 
furniture, cleaning sponges, in sculptures and decorates and plant substrates. Uses of 
non-foam urethanes include: varnishes, wheels, skateboards, adhesives such as glue for 










Scheme 1.3. Example of the preparation of polyurethanes. 
Cyanate thermosets are considerably expensive which limits their extensive use. 
High temperature resistant, cyanates can be continuously used in ranges from -200 °C 
to 250 °C for long service times, appreciated in aerospace composites.12 Their 
monomers are typically solid crystals at Troom and they are usually cured at high 
temperatures, forming triazine, a stable aromatic group with no carbon-hydrogen 
bonds. They are usually tightly crosslinked and brittleness appears as one of its few 
disadvantages along with its price. That is why cyanates are often used in combination 
with other monomers such as epoxides and bismaleimides to achieve more convenient 
properties. The resistance to fatigue and radiation makes them very useful for structural 
elements for satellites and aircrafts fuselages as well as structural elements for dielectric 
and electromagnetic devices. Scheme 1.4 depicts the formation of a network from 
cyanate ester monomers. 
 
Scheme 1.4. Crosslinking of cyanate esters. 
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From the esterification of an epoxy resin, typically formulated with styrene, are 
composed vinyl esters resins (see Scheme 1.5). The polymerization process of that resins 
is initiated by radicals, induced by UV radiation of by peroxides. The low viscosity of 
these formulations makes them highly adequate to produce polymer composites, even 
though the volatility of styrene is a drawback to be considered and operators must be 
suitable protected. The economic value and mechanical strength of this resin are 
between polyesters and epoxy resins. The chemical resistance to marine and gases 
environments is quite good to be used as naval coatings and the manufacture of vessels 
and tanks for the chemical industry. 
 
Scheme 1.5. Example of a vinyl ester resin. 
Alkyd resins are derived from polyesters modified with components such as fatty 
acids, which confers a tendency to form flexible coatings (see Scheme 1.6). Extensively 
used in paints, they can also be casted in moulds. The crosslinking reaction undergoes 
in the presence oxygen and no heating is required. Alkyds are one of the most 
inexpensive thermosets. The low durability in outdoors surfaces and the presence of 
organic solvents have been decreasing their use, although is still consumed for low 
performance industrial coatings and for interior paints. 
 
Scheme 1.6. Synthesis of an alkyd resin. 
Unsaturated polyesters are produced by condensation of polyols with saturated 
or unsaturated anhydrides or dibasic acids (see Scheme 1.7). The unsaturation of this 
type of polyesters provides the subsequent crosslinking in an exotherm reaction. One of 
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the most extensively used thermosets due to their low cost, adequate environmental 
resistance, light weight, rigidity, electrical resistance and good wetting to glass fibres 
contribute to having a wide range of properties, can withstand temperatures about 80 
°C. By the other hand produces toxic fumes, is not proper for bonding many substrates 
and their bonding is manifested weaker than epoxy resins. Among its applications stand 
out: ship’s hull, pipelines, vehicles parts, storage tanks, building components and 
laminated panels. 
 
Scheme 1.7. Synthesis and crosslinking of an unsaturated polyester. 
1.3. Epoxy thermosets 
In this work we will delve in the field of epoxy thermosets, one of the most 
consumed. In fact, approximately 70% of thermosetting polymer market is spent in 
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epoxies when polyurethanes (some of them may be thermoplastics) are not 
considered.13 From them, nearly the 80% of the epoxy market production are applied in 
coatings and electronics.14 The term “epoxy” designates a functional group that the 
monomers or resins contain. Also known as oxirane ring, is a three-member group 
characterized by an oxygen atom bonded to two carbon atoms to form a cycle as shown 
in Scheme 1.8: 
 
Scheme 1.8. Epoxy or oxirane ring functional group. 
Since the functionality is defined as the number of arms a functional group can 
form in the reaction, and this, as discussed above, depends on the curing system, the 
creation of a crosslinked network needs at least the presence of two or more epoxy 
groups per molecule. That means that each molecule has a functionality of two or higher 
and in consequence, the global functionality of the system to reach a network structure 
is a minimum of four. In some cases, when an increased crosslinking density is aimed, 
higher functionalities are required. Commonly speaking, epoxy resins are referred both 
to uncured and cured epoxy polymers, although all the reactive groups may have been 
reacted during the polymerization. In fact, the polymers that have been produced by 
the reaction of these oxirane monomers are known as epoxy thermosets, although they 
no longer contain those functional groups in their structure. One of the most 
commercialized epoxy resins since 1940 is the well-known diglycidyl ether of bisphenol 
A (DGEBA), a resin based on the reaction of bisphenol A with epichlorohydrin in strong 
basic conditions. P. Castan and S. O. Greenlee share the recognition of being the first to 
synthesize this resin (Scheme 1.9) in 1936.15 
 
Scheme 1.9. Structure of DGEBA resins. 
The molecular weight of the epoxy precursors, and hence their viscosity, can be 
controlled by the number of repeating units that it can contain. This n (present in the 
scheme 1.9.) can be adjusted by the stoichiometric ratio of the reagents used, giving rise 
to liquid resins with low n, or waxy or solid prepolymers for high numbers of repeating 
units, what would also affect the end properties of the material. However, the most 
affecting variable is the change of the non-epoxy part of the molecule, which may 
contain aliphatic, cycloaliphatic or aromatic structure, as well as the functionality of the 
molecule. Other important epoxy monomer for their low viscosity before the curing is 
the 3,4-epoxy cyclohexylmethyl 3,4-epoxy cyclohexane carboxylate (ECC). Cycloaliphatic 
epoxy compounds are less reactive with usual amine hardeners and they preferable 
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react in cationic conditions by ring-opening polymerization mechanism. The chemical 
structure of this monomer is depicted in the following scheme: 
 
Scheme 1.10. Chemical structure of ECC monomer. 
On the other hand, the properties of the final materials are affected by the type 
of curing agent (also known as hardener) used, that defines the curing kinetics and 
mechanism. Epoxies cannot be polymerized by chain growth mechanism, but they are 
polymerized by polycondensation and ring-opening. 
The polycondensation process, which requires a second substance with active 
functional groups able to react with epoxides, proceeds via step by step succession of 
elementary reactions between reactive sites creating new covalent bonds. In this type 
of reaction epoxide group acts with a functionality of one, and therefore a minimum of 
two epoxy groups in the resins per molecule are needed to form the networked 
structure. They can be cured with a large number of hardeners or curing agents, among 
them: amines, acids, anhydrides, phenols, dihydrazides and thiols.16,17 The most used 
hardener is the group of amines. They need a functionality equal or higher than three, 
and therefore primary diamines are commonly used.  These curing agents are usually 
added in stoichiometric amounts to the formulation to reach the maximum crosslinking 
degree. However, in some cases, off-stoichiometric proportions are used to decrease 
crosslinking density that can improve mechanical characteristics, such as toughness. The 
polycondensation of epoxies with primary amines is depicted in Scheme 1.11: 
 
Scheme 1.11. Reaction mechanism between epoxides and primary amines. 
Epoxy resins can be homopolymerized either by anionic and cationic reactions 
(ring-opening polymerization), using a nucleophilic or electrophilic initiator taking 
advantage of the highly polar oxygen-carbon bonds and the strain of oxiranic cycle. 
Catalytic amounts of these initiators promote the homopolymerization of epoxides, i.e. 
the formation of a polymer from a single type of monomer. In this case the functionality 
of an epoxy group is two and therefore a diepoxide is needed to create a network. This 
reaction, as the polyaddition, presents three main steps: initiation, propagation and 
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termination.18 Depending on the propagation mechanism, as mentioned in the previous 
section, there are two main types of reactions: anionic and cationic. Radical mechanism 
is not working for epoxy polymerizations. 
Anionic polymerizations take place with initiators with elevated nucleophilicity. 
Lewis bases such as tertiary amines as 4-(N,N-dimethylamine)pyridine (DMAP) or 1-
methyl imidazole (1-MI) are the most extended anionic initiators used in epoxy curing.19 
The ring opening of the epoxy ring is produced by the nucleophilic attack of the nitrogen 
atom forming an alkoxide in the initiation step. The presence of species which can 
coordinate with the epoxy groups, as hydroxyl groups, promotes the initiation 
accelerating the reaction. In the propagation step is the alkoxide which propagates the 
polymerization opening the remaining epoxides and forming at the end the crosslinked 
network constituted by polyether structures.20,21 
Brönsted and Lewis acids are used to initiate the ring opening polymerization via 
cationic mechanism. The most extended acid used is the BF3/amine complex.22 TiCl4, 
AlCl3, ZnCl2, BCl3, SiCl4, FeCl3, MgCl2 or SbCl5 are other acids used for the cationic 
polymerization of epoxides. Last decades lanthanide and rare earth metal triflates have 
demonstrated to be also good cationic initiators.23 Interestingly, our research group 
studied some earth rare triflates that exhibit certain advantages to conventional 
initiators, since they are tolerant to water, stable under ambient conditions and 
relatively soluble in organic solvents.24-27 
Kubisa and Penczek described the existence of two different propagation 
mechanism that coexist in cationic polymerization of epoxides.28 They are activated 
chain end (ACE) and active monomer (AM) mechanisms, depicted in Scheme 1.12. 
 
Scheme 1.12. Activated monomer mechanism (A) and active chain end mechanism (B). 
Both mechanisms start with the coordination of the initiator in the oxygen of the 
epoxide to promote the ring opening. ACE mechanism consists in the reaction between 
an activated epoxide and another. On that way, the activated epoxide is always linked 
at the end of the growing chain. On the contrary, AM mechanism requires a hydroxyl 
group to first open an activated epoxide. Then, there is an intermolecular interchange 
of protons with an epoxide that becomes now activated. Thus, AM mechanism is 
favoured in the presence of hydroxyl groups and is not rare the appearance of two 
B) 
A) 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 





overlapped exothermic peaks in DSC scans.29 On that way is always the monomer the 
activated epoxide. 
Depending on the hardener or initiator used, epoxy monomers can react even at 
ambient conditions or require an external stimulus such as heat or UV radiation.30 The 
irradiation is the more convenient from the point of view of the energy savings but 
present some disadvantages such as it is limited to cure thin samples and with simple 
geometries. The use of thermal curing reagents is the easiest in technological 
applications.  
Cured epoxy materials possess a large number of properties that make them 
valuable in front of other types of thermosets. Even long polymer chains with epoxy 
groups at the ends can be used to form thermoplastic materials. But not only their 
properties, but also their ease ability to vary them, are what make epoxy resins widely 
used in everyday products, as well as in engineering applications. Also, the absence of 
volatile matter on curing is a point in favour for the extensive use of this type of material. 
For example, a given epoxy monomer can be produced with a Tg that can vary from 
values lower than Troom to values higher than 200°C depending on the hardener selected. 
This makes them usable when working conditions require relatively high temperatures. 
The crosslinking structure with covalent bonds has a lot of influence. Not only to 
maintain their mechanical properties at high temperature, but also to offer a good 
stiffness to maintain their shape and be unreactive to chemical attacks. This is what 
makes them durable and resistant to the pass of time and to aggressive environmental 
agents. 
Another property that makes them widely used is their ability to strongly adhere 
to many different substrates during the curing process. Epoxy resins are commonly used 
in protection coatings because of their good adherence and the fact that they are one 
of the less brittle thermosets. Epoxies, as adhesive, can bond by three mechanisms: 
mechanically, if the coated surface is rough; by proximity, because the resin does not 
leave free space making their separation difficult; and ionically, the strongest of the 
three, forming ionic bonds with the substrate.  
Automotive and naval industries select epoxy coatings as a first protection layer 
in many hull components. Another feature that makes them convenient is their high 
insulation power, both electrical and thermal, which is given in part by their amorphous 
structure. That is why they are desired as insulative material in the electric industry and 
electronics, to avoid short circuiting and protect electrical and electronic packaging from 
dust and humidity. During last decades aerospace and aeronautics are using epoxy 
resins to replace heavy materials in order to save weight of aircraft, taking advantage of 
their high temperature resistance and high strength-weight ratio compared to other 
kind of polymers. 
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However, not all are benefits. Epoxy resins also have some drawback that must 
be considered. The first drawback is found during the thermal curing (partially avoided 
in UV irradiated systems at room temperature). This is the thermal and chemical 
shrinkage, which leads to the reduction of the material’s volume during the 
polymerization. All types of curing reactions are accompanied by a reduction of the 
bonding distance, producing shrinkage, although epoxy resins are one of the thermosets 
with less volume reduction during curing. Shrinkage is particularly critical when these 
thermosets are used as coatings, because it produces debonding, the creation of 
micropores, microcracks and an accumulation of internal stresses that play against the 
adhesion of the coating and its durability.31 In addition, the difference in the thermal 
expansion coefficient (CTE) that exists with the substrate is another issue that produces 
the failure of the coating. The miss-match in CTEs between the epoxy coating and the 
substrate can produce similar problems.  
The thermal shrinkage can be reduced with changes in the temperature schedule 
of the curing, helping to the better relaxation of the network. This can be carried out by 
reducing the initial curing temperature or decreasing the temperature increases in a 
multistep program, as well as decreasing the cooling rate once the process has been 
completed.  
The chemical shrinkage can be reduced by many ways. One can be the addition 
of different types of fillers, including inorganic or polymeric particles, but this can reduce 
the Tg and toughness of the final material, reduce the transparency and increase the 
viscosity of the uncured mixture, worsen the processability. Another option is the use 
of the so-called expanding monomers, with no volume’s reduction or even a small 
expansion during the polymerization, as can be cyclic orthoesters or 
orthocarbonates.32,33 In the last years, the incorporation of hyperbranched polymers as 
modifiers reducing the shrinkage without affecting other properties of the resin have 
been also applied.34  
Another drawback which appears during curing is the high heat evolved for the 
opening of the oxirane ring, limiting the production of large pieces.  
Once cured, epoxy resins are characterized, in terms of structural applications, 
to be brittle and notch sensitive. This leads to a fragile rupture with low energy absorbed 
during breakage, which results in low toughness. The processes performed to reduce 
brittleness are based on increasing the flexibility of the network, decreasing the 
crosslinking density or adding rubbery particles, which usually leads to a lowering of the 
Tg.35 The addition of hyperbranched polymers have been proposed to enhanced 
toughness without affecting Tg and viscosity of the formulation.36 
As told before, thanks to their relative low cost, light weight and corrosive 
resistance, thermosets have been actively studied to replace metallic components in 
some industries such as automotive, aeronautics, electronics or heat exchangers.10 To 
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carry out this, one of the simplest and most effective ways has been the addition of 
fibbers and fillers of all kinds taking advantage of their adhesion capacity and dimension 
stability. The materials in which fibbers or fillers are dispersed in a polymeric matrix are 
known as composites. A composite is defined as a material that consist at least of two 
constituents. The major ingredient is commonly called matrix, being the other 
constituent the filler. The use of fillers will be extensively reviewed in section 1.5. The 
aim of adding fillers is to enhance some properties of epoxy resins thanks to the 
properties that reinforcements possess. When two different materials are mixed, there 
is a stablished equation to predict the upper limit of the elastic modulus of the 
composite materials (Eq. 1.1):1 
𝐸 = 𝑓𝐸𝑓 + (1 − 𝑓)𝐸𝑚  (Eq. 1.1) 
where E is the elastic modulus, f is the volume fraction of the filler and Ef and Em are the 
filler and matrix property values. Nevertheless, this guiding principle is not fulfilled for 
all the properties. For example, the thermal conductivity in composites does not follow 
such type of relationship. 
1.4. Heat conduction through materials 
The theory of heat conduction represents an exceptionally complex statistical 
problem. Therefore, in this section we try to clarify the most general trends. 
Heat refers to the energy absorbed (endothermic) or evolved (exothermic) 
during a reaction or a change of state of the material (solidification, sublimation, 
condensation, boiling, etc.). This consideration is used in thermodynamics to refer to 
the energy transferred to or from a system. It is stated that three different mechanisms 
to transfer the heat exist: conduction, convection and radiation.  
Heat convection involves a transfer of heat due to the movement of matter 
within a medium. This mechanism will not be considered, since in most solid materials 
the movement of matter is restricted. 
Radiation is referred to the transmission of energy in form of waves or particles 
through the space or a medium. The importance of the radiation is exemplified by the 
energy capture from the sun or by the production of electromagnetic waves or radiation 
of particles, to measure or quantify some kinds of phenomena. The thermal radiation 
that affects a body can be reflected, transmitted or partially absorbed. This absorption 
is transformed quantitatively into heat. However, the thermal radiation that materials 
can produce at temperatures near the room temperature is negligible.  
The most important mechanism inside the materials is the conduction. The 
conduction is the transfer of heat by microscopic collisions and vibrations of particles 
and movement of electrons. Spontaneously, this energy transfer goes from a high to a 
low temperature region, in accordance with the 2nd law of thermodynamics. The 
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property that characterizes this ability in materials is the thermal conductivity (TC), and 





 (Eq. 1.2) 
where J is the heat flux per unit area (W/m2), k is the thermal conductivity (W/m·K) and 
dT/dx is the rate of temperature change in one direction (K/m). TC is commonly denoted 
as well by Greek letters λ or κ.  
To clearly understand the TC, firstly must be defined what the heat is. Any atom, 
even subjected to temperatures close to 0 K, has an internal energy (or thermal energy), 
what is explained as a constant vibration at very high frequencies and relatively small 
amplitudes. In a three dimensional solid the vibrations of each atom are partially 
coupled by their atomic bonds and thus, the vibration is coordinated across the material 
in the form of elastic waves. When the material is heated or receive energy, this is 
partially absorbed by the material depending on the heat capacity (Cp) and other factors. 
It should be taken into account, that not all the energy can be transformed into heat 
because the energy is quantized, and a single quantum of vibrational energy is called 
“phonon”. A phonon is a collective excitation of atoms in condensed matter that 
represents an excited state of the vibrational modes of interparticle elastic structures. 
This excited state is observed as an increase of the temperature of the material and 
atomically, can be represented as an increase of atom vibrations or phonon waves in 
the structure (Figure 1.4). The propagation of these phonon waves through the material 
occurs at the speed of sound, and according to quantum mechanics, phonons have a 
dual particle-wave character. 
 
Figure 1.4. Representation of the atomic vibration of ordered structured material. 
TC not only propagates through the elastic movement of phonons, but the energy 
can also be transferred by the movement and collisions of electrons or by the 
combination of both. Other types of excitations (electromagnetic waves, spin waves, 
etc.) have a minimum effect on the heat transport, especially at room temperature.38  
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Normally, k is written as the sum of all possible contributions, being lattice waves 
(kL) and electrical carriers (ke) the most important ones. Free electrons can absorb 
energy in form of kinetic energy. Then, the electrons can migrate to the adjacent atoms 
transferring their energy mainly by collisions. It must be said that the electron thermal 
conductivity is as fast as electron velocity inside the material, and their contribution 
increases with the free electron concentration in the matter.1 Apart from that, many 
other parameters affect the thermal conduction through the materials. The mentioned 
nature, as the crystalline structure has a lot of influence, as the presence of defects as 
dislocations or grain boundaries greatly suppress the transmission of heat. The size of 
material and proportions of defects are important parameters, since the thinner the 
material, the less time it takes for the heat to pass. The temperature dependence also 
influences drastically the TC from one material to another. The following subsections 
will serve as a simple comprehensive description of the widespread thermal conduction 
mechanisms, all in the range of room temperature. 
1.4.1. Thermal conductivity in crystalline structures 
Geometric atomic disposition and bonding among the constituents of the 
materials produce a fundamental influence on their properties. An ordered and a dense 
packing of atoms and the strong chemical bonds between them lead to a rapid transfer 
of energy to the neighbouring atoms through the vibrations of phonons and electrons 
as depicted in Figure 1.5. 
 
Figure 1.5. Representation of heat conduction in an ordered crystalline structure. 
Materials with good electrical conductivities, like most of metals, also present a 
good thermal conductivity. As mentioned above, the higher the free electron density, 
the higher the thermal conduction for the flow of electrons and then, the faster the 
propagation of heat. Copper, for example, is a good thermal conductor (about 400 
W/m·K at room temperature) and just 1-2% of the heat flux is attributable to phonons.39 
Gold, silver or aluminium present a similar behaviour. Because free electrons carry both 
heat and charge, there is a close relation between the electronic thermal conductivity 
contribution (ke) and the electrical conductivity (σ) in this type of pure metals. In this 
case the electrons are considered to interact by three different processes: scattering on 
static defects, electron-phonon interaction and interaction with other electrons.  
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At temperatures close to room temperature is when phonons more effectively 
hinder the flow of heat (more than the electric charge).38 In fact, phonons are the 
dominant scatterer of electrons for pure and high-quality metals, with inelastic collisions 
among them. Other metals or semiconductors present a different behaviour, as 
transition metals and certain alloys, in which the electronic term is less dominant, and 
the phonon contribution (kL) must be considered. The reduction in the electronic 
contribution in these metals is produced by the minor density of free electrons and by 
several types of defects. Inhomogeneities which affect the crystalline structure can 
scatter electrons (also phonons) reducing the TC of materials. Alloy atoms, vacancies, 
dislocations, phase changes, dopants or isotope variations are some of these defects. 
Being a single crystal or a polycrystalline material, the last one introducing grain 
boundaries, also change the conductivity.40 
Differentiated from metals, TC governed by lattice waves is dominant for all the 
other types of materials, if not the only mechanism. In these cases, the thermal 
conductivity of an isotropic three-dimensional material is primarily conducted by the 




𝐶𝑃𝜈𝑙 (Eq. 1.3) 
where Cp is the heat capacity of the material, ν is the average phonon velocity, and l is 
the phonon mean free path, the distance a phonon travel before being scattered. In 
pure crystalline materials, the dominant phonon scattering mechanism are the 
boundary scattering and the phonon-phonon Umklapp processes (U-process).  
The boundary scattering, also known as Kapitza resistance, is the measure of an 
interface thermal resistance to the thermal flow. In each interface, phonon and 
electrons can be scattered due to the different vibrational properties between the two 
sides of the grain/phase, the orientation of the crystals, and so on.  
The Umklapp process is an anharmonic interaction between phonons which 
scatter them limiting the thermal conductivity in crystalline materials (can also control 
the scattering behaviour in amorphous materials). For low defect crystals, U-process 
increases with temperature, while for an insulating material, the dependence is inverted 
(1/T).  
All the above-mentioned defects or impurities lower the phonon mean free path 
by adding additional scattering centres. The presence of defects in the crystals can 
dramatically reduce the TC of tabulated values for a single crystal. For example, the 
room temperature k of pure AlN along the c-axis can be as high as 320 W/m·K, while the 
grain boundaries can reduce it for a polycrystalline AlN to about 40 W/m·K.41 Despite 
this, it must be said that some additives or doping microparticles (in the case of AlN they 
can be lanthanide oxides) can increase the thermal conductivity, depending in the 
crystalline distortion they produce.42,43 In general terms, the more crystalline a material 
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is and the greater its atomic density in the unit cell and, of course, the fewer 
imperfections, the greater its thermal conductivity. This is especially true for high 
insulative materials, while some electrically semiconductors can vary notably the TC if 
the ke contribution is considerable.  
The type of structure can also lead to a different behaviour. In the group of 
perfect ceramic crystals, we can find materials as diamond (cubic structure) with an 
extremely high TC (about 2000 W/m·K). In the same way, as other properties do, a 
laminar arrangement (hexagonal structure), such as graphite, with the same 
composition of diamond, presents a great difference according to the direction in which 
the material is analysed, i.e. anisotropy. In this case, through the plane where the 
hexagons of the carbons are formed, the conductivity is high (not as high as in diamond), 
while through the layers, bonded by secondary forces, the TC decreases considerably.  
The importance of the crystalline structure is such that large differences can be 
observed in a crystalline and amorphous material despite having the same composition. 
For example, crystalline SiO2 can have a conductivity of 10 W/m·K, while its amorphous 
state falls an order of magnitude in its value.44 In semicrystalline materials the 
amorphous part, with a disordered packaging, act as point defects leading to a high 
phonon scattering processes.  
In recent years the growth in the research of nanostructured materials have been 
considerable, such as in the case of graphene and carbon nanotubes (CNT). Theory 
predicts extraordinarily large values of k for isolated nanotubes, over 6000 W/m·K,45 
with ke and kL contributions. The conduction of electrons in a 1D system as CNT occurs 
ballistically,46 but as noticed above, Kapitza resistance drastically falls down the TC when 
they are added in a composite in which the quantity of interfaces becomes large. 
Recent calculations have predicted an unusual high thermal conductivity for 
cubic boron arsenide (BAs).47,48 Even surpassing the conductivity of the diamond, this 
surprising result comes partly from the combination of acoustic phonon dispersions, a 
large frequency gap between the branches of the acoustic and optical phonons and the 
weak phonon-isotope dispersion. The uncommon vibrational properties of BAs provoke 
a weak phonon scattering resulting in an anomalously large phonon mean free path. 
However, it has been demonstrated the necessity to fabricate large single crystals with 
few defects to observe the predicted ultrahigh k for BAs,49 since it is very sensitive to 
phonon scattering from crystal boundaries and defects. The results suggest that not only 
reducing the defect and boundary scatterings but also to better understand and control 
the electron scattering of phonons is required to achieve the predicted values.50 
1.4.2. Thermal conductivity in polymers and their composites 
Lattice thermal conduction is the dominant mechanism in most of the non-
metallic materials. In the case of polymer materials there are few free electrons and 
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therefore ke is negligible,51 and in most cases the TC is in the range of 0.1 to 0.5 W/m·K, 
insufficient for heat conduction applications.52 Enhance the TC of polymers can be 
considered unnatural, since they are insulators, but it is a crucial issue in applications 
that requires new performances with specific properties. However, what is considered 
a defect, in some cases may be a virtue. In contrast to the will of increasing the thermal 
conductivity of polymers, we find the production of construction materials to reduce it. 
Nearly the half fraction of the world’s energy consumption is spent in buildings, and 
large part is destined to heating and cooling, what involves the burning of fossil fuels. 
Improving the thermal insulation of greenhouses providing good thermal resistance, 
using nanoporous foams for example, can increase the energy efficiency of habitats by 
reducing the emission of gases and diminishing the temperature inflation in few 
degrees.53  
For most polymers, both Cp and ν are the same in bulk than in individual chains 
(see Eq. 1.3). Henry et al. found that the thermal conductivity of a single extended chain 
of polyethylene (PE) could be as high as 350 W/m·K (chain length < 100 nm).54 What 
differs in a single chain from a bulk material is the phonon mean free path (l), larger in 
an ordered arrangement of atoms covalently bonded than in atoms associated with 
secondary forces.55 The amorphous structure they behave is considered as a scattering 
defect, what gives rise to the most known insulating materials. When atom distances 
are higher than in a crystalline structure and when the layout does not follow any 
pattern, the coupling of the phonon waves are highly restricted. Then, the ability of 
atoms to transfer their thermal energy to the neighbouring particles is primarily 
conducted by the vibrations, atom by atom, not as a wave (see Figure 1.6).56  
 
Figure 1.6. Representation of heat conduction in amorphous polymer materials. 
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Thermoplastics can be semi-crystalline, and they use to have higher TC than the 
purely amorphous polymers. Exceptionally, polypropylene (PP), even with high 
crystallinity, has a very low TC due to the relatively high free volume in its structure, 
what causes long bonding distances. In the same way, amorphous thermosets have a 
low thermal conductivity of about 0.2 W/m·K.52 Despite this, there are some liquid 
crystalline thermosets, with long rigid chains that can form an ordered structure, 
reaching a TC of about 5-fold of neat resin, but highly increasing the production cost.57 
Thus, the most used and economic way to enhance the TC of polymeric materials is by 
the use of fillers.  
Filled polymers has been used almost since the appearance of the first 
commercial products. Fibbers or common ceramics were added to improve their 
mechanical properties and to reduce costs. Nowadays, fillers are added for many 
different purposes. For polymer composites the heat transport is largely determined by 
the way in which filler particles transfer the heat. For purely phonon heat transfer 
mechanism, the TC is lower than those having phonon and electron conductivity. So 
metallic and carbon fillers usually possess better TC than ceramic materials, but they 
have to be avoided or limited in electrically insulating applications.  
Besides the intrinsic TC of fillers and matrices, there are some affecting factors in 
the thermal properties of composites. The main primary factor is the filler loading level. 
The general trend, obviously, is that TC increases with the increasing proportion of 
particles or fibbers. The increase of k in front of the filler loading is not often linear,58 
and very high filler level must be achieved to see an abrupt enhancement. At a certain 
filler loading an interconnected network of particles is formed, which are the pathways 
to transport the phonons. This concentration is known as percolation threshold and can 
be described as the point at which a property experiments a drastic change on increasing 
the filler concentration. However, this filler ratio may depend on the measured 
property. It should be noted that the use of a high filler loading is not always preferred, 
since can lead to a high viscosity increase, which ruins the processability and makes the 
final materials too fragile. According to that, low filler loadings with smooth surfaces are 
favoured, yet they could be less efficient in increasing the TC. 
The filler shape is another important parameter that must be considered. The 
aim to increase the TC at the minimum filler loading leads to the use of high aspect ratio 
fillers, as platelet like fillers with one or two dimensional components larger than the 
others. Fibbers, rods, wires or tubes are expected to significantly improve the TC 
compared with other shape fillers, constructing long heat conductive pathways along 
the longitudinal direction at low filler loadings.59 They often guide to anisotropic 
thermally conductivity with much higher TC in the planar direction than in the 
perpendicular one. Examples of this type of filler can be the hexagonal form of boron 
nitride (h-BN), or graphene and graphite (all with the same hexagonal crystalline 
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structure).60 Other high aspect fillers can be CNTs or other nanosized fillers, but then 
other problems appear for the improvement of conductivity.  
Nanometric fillers usually form aggregates due to the small size and high Van der 
Waals forces.61 In addition, there is a high Kapitza resistance for the large increase in the 
number of interfaces that phonons must pass. This is related with a different filler factor 
that should be taken into account, the size of filler. Large particles lead to lower filler-
polymer interface areas compared to the smaller ones at the same filler loading. That 
leads to a lower interfacial thermal resistance and, as consequence, a higher TC. This is 
clearly shown by the comparison between nano and micro-sized particles,62 indicating a 
high influence of the interfacial thermal resistance. However, behaviour differences 
from experimental results with the use of nanoparticles are found.63 As we have seen, 
the particle size is not the only influencing parameter, apart that nanosized particles can 
exhibit differences from their micro-sized forms.  
Other influencing parameters can be list as: combination of different fillers, use 
of combined different sized particles, orientation of fillers, compression moulding or 
surface treatments among other procedures.  
The combined use of different types of fillers can help to enhance the TC at the 
same level with a lower filler loading, thus, reducing the viscosity and improving the 
processability.64 With different sized particles, the packing density can be increased and 
consequently, the TC.65,66  Non-spherical particles can be oriented when heat is desired 
to be removed in one direction of the composite.67 The use of pressure before or during 
the curing avoid the appearance of voids at high filler loadings, which are important 
thermal conductive defects.68 The surface treatments or functionalization of the 
particles are carried on, reducing the interfacial thermal resistance of filler-matrix, one 
of the most important limiting parameters.69 The dispersion state of fillers also 
influences the conductivity of the composites. If they form aggregates embedded in the 
matrix the insulative character of the polymer can significantly reduce the phonon heat 
transfer.70 On the other hand, the formation of filler structured pathways can 
substantially improve the TC.71 All these methods aim to improve the TC with the 
minimum filler load and maintain the good processability of the polymers. 
1.5. Epoxy composites with high thermal conductive fillers 
Epoxy resins are versatile and adaptable to a wide range of applications. In 
addition to the use of different hardeners, initiators or curing procedures to change 
crosslinking densities, what can greatly change the final properties of the materials are 
the fillers that can be added. The addition of fibbers, particles or fillers to an epoxy 
matrix form the epoxy composites. The combined material exhibits better 
characteristics (or preferred) than each component individually without compromising, 
or even enhance, the weakness of either. In this type of composites, the filler must be 
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added before the curing process, as can be assumed with the aforementioned 
properties that epoxy polymers have.  
The most common fillers used at the beginning of epoxy composites were fibbers 
and glasses or traditional ceramics. The principal aim was to increase the mechanical 
strength of the epoxies to be used as structural materials. While nowadays the 
enhancement of mechanical properties are still of interest, other desired properties 
have grown in attention. The use of epoxy resins as adhesives, coatings or encapsulating 
material to a variety of different electronic components is due to the high thermal 
stability, electric insulative conduction, moisture resistance and low cost they offer 
among other needed characteristics. Nevertheless, their intrinsic low thermal 
conductivity and high CTE become disadvantages with the miniaturization and the larger 
heat production emitted by electronic devices.  
The low thermal conductivity of epoxy resins, usually in the range of 0.2 W/m·K, 
is far below the usual conductivities of ceramics (tens of W/m·K) and metals (hundreds 
of W/m·K). This is a critical issue in the electronic industry since it is known that electron 
circulation in materials produces heat by Joule’s effect, and epoxy resins are used to 
coat some electronic components. As the Moore’s law predicted five decades ago and 
has been met until today, the number of transistors in a dense integrated circuit doubles 
every two years.72 This continuous trend of development in electronic miniaturization 
that works in higher frequencies and speed causes that more heat must be removed 
from devices to maintain their working temperature. This is directly related to ensure 
the efficiency, the live time operating and to prevent premature failures or damage of 
equipment.73 It must be taking into account that coatings in integrated circuit boards 
are thinner than 120 microns, which limits the size of the fillers.  
Enhance TC and reduce CTE would contribute to the improvement of device 
capabilities; inasmuch dielectric thin films have important applications in 
microelectronics and may serve as electrical insulators or coatings for thermal interface 
materials (TIMs). Moreover, the improvement of these properties may answer the 
demands in other spreading out industries as power, thermal energy storage, electrical, 
light emitting diodes (LEDs), sensors, aerospace, automotive or naval engineering 
among others.74,75 
To achieve these purposes, while maintaining electrical insulation, the addition 
of metallic fillers must be avoided, despite being one of the best candidates for 
increasing thermal conductivity. In addition, this type of fillers can experience oxidation, 
so their useful life time can be reduced. Several types of fillers have been tried to 
overcome these defects. Among them we can classify them in two different groups: high 
thermally conductive ceramic fillers and carbon-based materials.  
In the first group ceramics as aluminium nitride (AlN), aluminium oxide (Al2O3), 
hexagonal boron nitride (h-BN), silicon carbide (SiC) can be cited, among others. In the 
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second, fillers as graphite, carbon black, graphene, carbon nanotubes (CNTs) and so on. 
Despite finding better enhancements of TC in the second group, most of them lack in 
electric insulation character. However, they are mainly used to substitute tin/lead 
soldering as electrically conductive adhesives for environmental preferences.14 Some of 
the most important fillers employed to enhance the thermal conductivity are listed 
below. 
Al2O3, also called alumina, appears in the group of oxides as one of the most 
common fillers used in epoxy composites due to its low price and relatively high TC 
(about 30-40 W/m·K).52 The most general form is α- Al2O3, which is crystalline and stable. 
It is used as abrasive and coating protection and paints due to its hardness, it is an 
important component of many glass formulations and is naturally used in sun’s lotions 
or creams for UV body protection. A thermal conductivity of 4.3 W/m·K in an epoxy 
composite at 60 vol. % of 10 µm alumina particles has been reported.76 
Another oxide is silicon dioxide (SiO2) or silica. Extensively used as packaging 
materials for electronic devices, epoxy composites containing 55 to 75 vol. % of silica 
lacks in good TC.77 As commented before, the TC of polycrystalline sample is in the range 
of 1-2 W/m·K, and at a given level of loading, silica composites show lowest 
conductivities compared with other fillers.78 
Zinc oxide (ZnO) is a semiconductor widely used as additive in the rubber 
industry, used to improve the thermal conductivity of tires. When cars are rolling, heat 
is produced by friction and it is crucial to dissipate it. However, ZnO also exhibits a high 
dielectric constant which limits their use for electronic packaging applications.79 With 
moderate intrinsic TC (about 60 W/m·K), ZnO epoxy composite has reported to reach 
1.6 W/m·K at 50 wt. % fraction.80 However, the authors used a functionalization of the 
filler giving rise to a TC of 4.38 at the same loading, but they did not report any electrical 
characterization. 
Beryllium oxide (BeO) has a high thermal conductivity in the range of 300 W/m·K. 
It is also corrosion resistant and exhibits excellent electrical insulating properties. 
However, the high toxicity (produces berylliosis) and the high cost make BeO powders 
unattractive for commercial use.52 
As non-oxide ceramic fillers are found some materials. SiC is another 
semiconductor with good TC. As single crystal can reach conductivities as high as 360 to 
490 W/m·K depending on the chemical structure,81 but in polycrystalline form the value 
is reduced to about 85 W/m·K.52 With an extremely high hardness is widely used as 
abrasive. Hwang and co-workers fabricated epoxy-based composite with 3.85 W/m·K 
with 70 wt. % of SiC loading fraction.82 
AlN has gained much interest due to its high TC (120-220 W/m·K), low CTE and 
high electrical resistivity. Thus, there are a large number of research works on high 
thermal conductive polymer-AlN composites for electronic packaging application, 
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finding conductivities usually in the range of 1 to 5 W/m·K.83 One of the best results 
reported is a conductivity of 11.0 W/m·K for an epoxy composite with 60 vol. % of this 
filler.84 
BN has emerged as one of the best candidates for high thermal conductivity 
composites and electrical insulating applications. It is a synthetic material with high 
similarities with carbon, since present a cubic form as diamond, and hexagonal structure 
as graphite. Also, BN nanotubes and nanosheets can be produced. Known as white 
graphite, BN provides the best combination of properties in terms of high thermal 
conductivity, low dielectric constant, high electrical resistivity and low thermal 
expansion coefficient. Besides all, BN also presents low density (2.2 g/cm3), high 
mechanical strength, high aspect ratio and chemical and thermal stability. The cubic 
form is the hardest material know only below diamond.85 The hexagonal form (h-BN) is 
the most stable with a layered structure, and the TC can vary from 2 to 390 W/m·K 
depending on the direction measured and its purity.86 Last developments estimate the 
TC of a single layer of h-BN of 751 W/m·K.87 Until the late 1990s lower values of TC of 
this material were expected.88 Since then, optimizations of h-BN production processes 
reduce cost and increase purity89 and, as consequence, enhance the thermal 
conductivity. Besides a huge range of different TCs of BN composites, stands out the 
best result reported till date of 32.5 W/m·K by Ishida et al. in polybenzoxazine matrix, 
although they needed the extremely high loading of 88 wt. %.90 Usual conductivities of 
epoxy-BN composite ranges from 0.5 to 10 W/m·K.91 
The group of carbon-based materials are one of the most popular additives due 
to the high TC, stable chemical nature, abundance and low density.92 Despite its high 
production cost, diamond is included in this group and the most appropriate to use for 
its high electrical resistance. The rest of carbon-based materials are more prone to the 
flow of electrons which convert them as inappropriate for electrical insulating 
composites. Diamond presents the highest conductivity (about 2000 W/m·K) from all 
the natural materials known due to the strong covalent bonding, cubic structure and 
low phonon scattering. Zhang et al. reported a TC of 4.1 with a 68 vol. % in filler-based 
epoxy composites.93 However, no substantial improvements in TC of composites were 
found compared with other economical fillers. 
Natural graphite is a carbon allotrope and relative abundant mineral that can be 
classified according to its crystalline sizes and the carbon purity. The hexagonal structure 
of graphite confers anisotropy in mechanical and physical properties. Containing free 
electrons, is a good conductor both of electricity and heat. Since the mid-1950s is known 
that high perfect crystals of graphite can reach values of about 500 W/m·K for the in-
plane direction at room temperature.94,95 Synthetic graphite can also be produced from 
many carbon resources. However, achieve the crystallinity of natural graphite are costly 
and thus, the same level of TC. A conductivity of 5.8 W/m·K was reported in an epoxy 
composite with 20 wt. % of chemically functionalized graphite.96 
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Due to the superior crystallinity of natural graphite, it can be intercalated.97 
Expanded graphite (EG) comes from the intercalation of liquids such as strong acids 
followed by a thermal shock to evaporate them. This method produces low density and 
large surface area materials. The bulk material presents a conductivity of about 70 
W/m·K.98 The material can be subjected to varying levels of compression, resulting in a 
wide range of properties. Celzard et al. found a logarithmic relationship between the 
measured TC and the density, reaching conductivities as high as 250 W/m·K.99 Reported 
results determine that compressed EG is the most economical filler to enhance the 
thermal conductivity of thermal energy storage (TES) materials.98 Wang et al. reached a 
conductivity of an epoxy composite of 1 W/m·K with just 4.5 wt. % of EG.100 
Graphite nanoplatelets (GNP) and graphene are only distinguished by the 
number of bonded hexagonal graphite sheets. Theoretical estimations indicate TC 
values in the range of 3000-6000 W/m·K, but experimental measurements vary 
comparatively widely from 600 to 5000 W/m·K.101 Graphene oxide, introducing hydroxyl 
and acid groups to the structure, can prevent the electrical conductivity to some extent. 
In most cases, the results achieved for GNPs are slightly better than for EG and the 
percolation threshold is achieved at lower loading level.98 Epoxy nanocomposites with a 
TC of about 1.7 W/m·K are published with 30 wt. % of GNP.102 Guo et al. reached a value 
of 2.67 with just 25 wt. % of graphene.103 
CNTs are characterized by a high aspect ratio, excellent mechanical properties, 
remarkable thermal and electric conductivities, low density and good corrosion 
resistance against oxidative environments.104 A wide variety of TCs are reported for CNT, 
ranging from 1100 to 7000 W/m·K due to the difficulty in characterizing the true 
nanotube thickness.101 CNT is the most studied nanomaterial as additive mainly due to 
its earlier discovery by Iijima.105 The performance in their properties depends on a 
variety of factors such as tube chirality, length, diameter, aggregation, functionalization 
and edge effects, and it is demonstrated a significant difference between the electronic 
and thermal transport ability.106 Results lower than expected are obtained because of 
the high phonon scattering and the enhancement factors in TES materials reported did 
not exceed 3.5 at loadings of 5 wt. %.98 In fact, CNT/epoxy composites are currently used 
for the mechanical improvement they show and not in high thermally conduction 
applications.14 
There is a huge amount of literature related to the topic to enhance the TC of 
epoxy matrices. Some general trends can be extracted according to the influencing 
parameters mentioned in the previous section, although only few studies will be 
mentioned. 
Most of the studies display a progressive enhancement of TC with the filler 
loading but lacking in abrupt enhancement of the property even at very high filler 
loading. Burger et al. use graphite particles in epoxy matrix reaching approximately 1.75 
W/m·K at about 23 wt. %, observing a linear trend of the TC with particle loading without 
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any outstanding value.56 However, some other authors observed sharp changes at a 
given concentration. Zhou et al. observed a percolation threshold of micro SiC/epoxy 
composites near to 55 wt. %.107 
The use of nanofillers rends more controversial results. Evseeva et al. observed a 
decrease in the TC when CNTs loading overpass the 3 wt. %,108 which highlight the 
importance of the scattering interface resistance and the formation of aggregates. 
Moisala et al. observed lower TC than neat epoxy with the use of single walled CNTs.109 
In a different way, other authors reported enhancements with the use of CNTs as 
Biercuk105 and Yu.110 Surface modification of carbon fillers are commonly performed to 
decrease the Kapitza resistance and the aggregate formation, by covalent and non-
covalent functionalization. Experimental findings indicated that the interfacial thermal 
resistance arises from a poor mechanical or chemical adherence at interfaces and CTE 
mismatch.111 In the case of ceramic fillers without functionalization, Wattanakul et al. 
obtained a thermal conductivity of 1.97 W/m·K with 28 vol. % of BN fillers.112 Lee et al 
required 57 vol. % of AlN in epoxy matrix to reach 3.4 W/m·K.113 On the contrary, Xu et 
al. considered necessary the surface treatment of AlN, resulting in a TC of 11.0 W/m·K 
by the addition of 60 vol. %, and 10.3 W/m·K with 57 vol. % of treated BN.114 But the use 
of so high filler loading led to worse the mechanical properties.  
The application of pressure is helpful to evade the appearance of voids, but only 
from a certain % of filler, when the viscosity is high enough.56 Another general trend that 
can be found in the literature is referred to the filler size. Heat is quickly diffuse through 
crystalline fillers, whereas it is considerably slowed down by the polymer. In micro sized 
particles, as larger the filler, higher the thermal conductivity.115 It should be commented 
that the crystallinity and impurity proportion must be similar in the different sized 
particles to observe this behaviour. From that, it can be inferred that nanoparticles are 
not the best option to enhance the TC. However, the aspect ratios of fillers play a very 
important role. Mortazavi et al. demonstrated that higher aspect ratios are a better 
choice to increase the TC.116 The use of graphene or other 2D materials, with high aspect 
ratios, leads to composites with very high TC, but distant of the range of some metals 
(typically in the order of 70-300 W/m·K), what is the goal to be reached.117 Anyway, an 
ultra-high TC of 12.4 W/m·K was reached by Shtein et al. using approximately 24 vol. % 
of graphene nanoplatelets.118 To achieve this, they needed the application of pressure 
to avoid gaps in the material and verified how the size, thickness, aspect ratio and, most 
importantly, the amount of defects and impurities, affect the TC in an extraordinary way. 
This kind of particles can be aligned or oriented giving anisotropic thermal conduction. 
In summary, many efforts have been spent on fabricating thermal conductive 
electrically insulating epoxy composites. In general, nitrides as AlN and BN provide 
better TC enhancement in comparison with oxides, despite increasing the costs. In the 
last decades carbon-based materials gained importance due their intrinsic high thermal 
conductivity. Despite the progresses done in the field, materials still cannot meet the 
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requirements of industry, both in properties and economically. It is believed that the 
advance of nanomaterials and nanotechnology can conclude the requirements of highly 
powered electronic devices in near future.119 
1.6. Scope and objectives 
As explained along this introductory section, epoxy resins are a useful material 
for many industrial applications. The crosslinking density of their structure leads to 
excellent properties. The combination of high strength and stiffness, the excellent 
corrosion and electrical resistance, the adhesion ability to a huge range of different 
surfaces make them ideal candidates to be used as adhesives, coatings and some 
structural components. Nevertheless, other properties they possess can limit their use 
in specific fields. The low thermal conductivity they present can compromise the 
thermal management in electronic devices which, every time, produces more and more 
heat due to the increase in their working capacities and speeds. In this doctoral thesis, 
the increase in the thermal conductivity of epoxy resins by the addition of adequate 
fillers is the main objective, and highly related, the reduction of the CTE. 
Including some other purposes, specific objectives are outlined as follows: 
• To optimize a novel cationic thermal curing system for a DGEBA epoxy. 
• To increase the thermal conductivity of the DGEBA thermosets obtained by the 
use of the previously developed curing system by adding h-BN particles. 
• To optimize the previously developed curing system for ECC epoxies.  
• To increase the thermal conductivity of the ECC thermosets by adding h-BN 
particles. 
• To improve thermal conductivities of epoxy/thiol matrices with the addition of 
h-BN to the formulation. 
• To enhance the mechanical and thermal characteristics of ECC composites by 
using different ceramic fillers (AlN, Al2O3, SiC) 
• To investigate the cooperative effect of carbon-based fillers (expanded 
graphite and carbon nanotubes) and h-BN in the improvement of the thermal 
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All the products used in this thesis are commercially available and are detailed in 
the following list: 
• Diglycidyl ether of bisphenol A (DGEBA) from Huntsman International LLC., 
Araldite GY 240 with a molecular weight per epoxy equivalent (EEW) of 182 g/eq. 
• Cycloaliphatic epoxy resin 3,4-epoxy cyclohexylmethyl 3,4-epoxy cyclohexane 
carboxylate (ECC) with an EEW=126.15 g. ERL-421D was supplied by Dow 
Chemical Company for some studies and for others was provided by Sigma 
Aldrich. 
• Pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), with an EEW=122.165 
g/thiol eq, was purchased by Sigma Aldrich. 
• 4-(N,N-dimethylamino)pyridine (DMAP) was provided by Fluka Analytical. 
• N-(4-methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate, from King 
Industries Inc. is commercialized as CXC1612. 
• Propylene carbonate was provided by Sigma Aldrich. 
• Triethanolamine (TEA) was supplied by Sigma Aldrich. 
• Glycerol was purchased by Sigma Aldrich. 
• BN platelets, TPC 006, were purchased from ESK Ceramics GmbH, with a particle 
size of 6µm. 
• BN platelets, PCTP30, were purchased from Saint-Gobain, with an average size 
of 30µm. 
• BN platelets of 180 µm of length average, PCTP30D, were supplied by Saint 
Gobain. 
• BN agglomerates, PCTL5MHF, were provided by Saint Gobain, with an average 
size of 80 µm. 
• Aluminium oxide (Al2O3) was purchased from Showa Denko, with a size in the 
range of 1-5 µm. 
• Aluminium Nitride (AlN) was provided by Sigma Aldrich. 
• Silicon Carbide (SiC) was provided from Shengli Abrasives. 
• Expanded graphite (EG), BNB90, was provided by Songhan Plastic Technology Co. 
Ltd., with an average size of 85 µm and specific surface area (SSA) of 28.4 m2/g. 
• Multiwalled CNTs (NC7000) were provided by Nanocyl SA, with 9.5 nm and 1.5 
µm of diameter and length averages, respectively, and SSA in the range of 250-
300 m2/g. 
2.2. Experimental techniques 
Virtually, all important properties of solid materials may be grouped into six 
different categories: mechanical, electrical, thermal, magnetic, optical, and 
deteriorative. For each there is a characteristic type of stimulus capable of provoking 
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different responses.1 In this section, each of the analysis techniques used will be 
explained. We will make a brief explanation of the fundamentals, the main applications 
of interest for the study and, finally, the treatment of the obtained results. 
2.2.1. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) is the most popular thermal analysis 
technique. It is a technique in which the heat flow rate difference between a substance 
and a reference is measured as a function of temperature, while the sample is subjected 
to a controlled temperature program. Among the applications of DSC must be 
mentioned the easy and fast determination of the glass transition temperature the heat 
capacity jump at the glass transition, melting and crystallization temperatures, heat of 
fusion, heat of reactions, very fast purity determination, fast heat capacity 
measurements, characterization of thermosets, and measurements of liquid crystal 
transitions.2 
Different DSC devices were used according to availability. Small amount of 
sample, between 2-10 mg, are enough for the use of technique. The sample was placed 
in closed aluminium pans with a pierced lid to avoid overpressure if gases evaporate 
with the increase of temperature. An empty aluminium pan is placed as a reference to 
determine the changes in the heat evolved or absorbed during the experiment. Figure 
2.1 shows the last device used. 
 
Figure 2.1. DSC-3+ device from Mettler Toledo and its furnace of sample and reference pans. 
The determination of the curing kinetics, highly related with the degree of 
conversion, and the glass transition temperature are the most valuable data that can be 
extracted by DSC. Cure kinetics is the mathematical relationship between time, 
temperature, and conversion. In a kinetic study using DSC the heat released during the 
reaction is assumed to be proportional to the conversion degree, a first order 
transition.2 Additionally, the curing rate (dx/dt) is directly related to this released heat 
(dH/dt). When the reaction is completed, the integral related to the signal obtained 
yields the total released heat ΔHtotal. Reaction rate and conversion degree can be 
calculated with the following expressions: 
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  (Eq. 2.2) 
where dh/dt and Δhtot are the heat releasing rate and the total heat released normalized 
in respect to the sample size, ΔHt is the heat released up to a time t, and Δht is the heat 
released normalized in respect to the sample size. It can be expressed in J/g or in kJ/ee. 
Finally, x is the degree of curing, and can also be expressed as α. 
The kinetics of a system can be studied in either isothermal or dynamic 
conditions. The dynamic experiments were preferred since they present some 
advantages when compared with isothermal experiments, being the most important 
fact using isothermal conditions the losing of information at the beginning of the curing 
process and, in another hand, the curing is not always completed.2 
The reaction rate is usually expressed as dx/dt = k f(x) being k the kinetic constant 
and f(x) a function depending on the conversion. The kinetic constant, k, usually follows 
the Arrhenius expression: 
𝑘 = 𝐴𝑒
−𝐸
𝑅𝑇 (Eq. 2.3) 
where A is the pre-exponential factor, E the activation energy, R the gas constant and T 
the absolute temperature. 
In general, a kinetic process is well characterized if one knows E, A and f(x), the 
so-called kinetic triplet. Although strictly speaking this methodology should only be valid 
for one-step processes it can also be applied in systems where more than one chemical 
(or physical) process coexists. There are two main approaches in the kinetic analysis, 
isoconversional methods and model-fitting methods. In the present thesis only 
isoconversional kinetic analysis has been used. 
The isoconversional methodology assumes that the reaction function f(x) is 
independent of the heating rate.3 On that way, the kinetics of a process only depends 
on the degree of conversion at a certain time. It also requires the performance of series 
of experiments to determine the apparent activation energy. Those experiments can be, 
for example, dynamic DSC curing at different heating rates. 
A second order transition, such as the glass transition, can be measured through 
the step variation of the heat capacity associated to the structural reorganization of the 
network. Tg is usually reported as the temperature at the half height of the heat capacity 
change. Can also be taken as the inflexion point, which is slightly different and 
corresponds to the peak on the derivative of the heat flow or heat capacity against 
temperature. 
As usual, DSC experiments in dynamic conditions at 10 °C/min were performed to 
the cured materials. With the help of software analysis, the Tgs can be easy determined. 
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Rheology is the science of deformation and flow of materials. In fact, all materials 
can flow, given enough time. In very short processing times, the polymer may behave as 
a solid, while in long processing times the material may behave as a fluid. This dual 
nature (fluid-solid) is referred to as viscoelastic behaviour.4 
Viscosity is one of the most important flow properties to be measured by 
rheology and is the resistance to flow. Strictly speaking, it is the resistance to shearing 
and it can be defined as the ratio of the imposed shear stress and the shear rate. In this 
way, rheological measurements are based on monitoring the tension generated in the 
sample as a response to the application of an oscillatory shear force.4 
In this way, rheological measurements are based on monitoring the tension 
generated in the sample as a response to the application of an oscillatory shear force. 
The viscoelasticity of a given polymer reflects in the difference in the applied and 
measured angle δ. By rheology it was possible to study the gel time, the conversion at 
the gel point, as well as determining the viscosity and viscoelastic properties such as 
elastic shear modulus (G’) and viscous shear modulus (G’’) of uncured formulations. 
Likewise, the complex viscosity (η*) is determined in multi-frequency experiments at a 
certain temperature and amplitude. This amplitude must be comprised within the range 
of linear viscoelasticity. 
Rheological results of filled formulations can be used to calculate the rheological 
percolation threshold. At a given frequency, theory predicts a power law relation: 
𝐺′ ∝ (𝑉 − 𝑉𝑐)
𝛽   (Eq. 2.4) 
where G’ is the storage modulus, V is the volume or mass fraction of BN composites, Vc 
is the volume or mass fraction at rheological percolation and β is the critical exponent. 
This relation is often valid only on a very narrow concentration region.5 
Rheological measurements were carried out in the parallel plates (25 mm) mode 
with an AR G2 rheometer (TA Instruments, Figure 2.2), equipped with a Peltier system 
for controlling the temperature. Curable formulations are placed between two 
aluminium plates with a distance between plates (gap) of approximately in the range of 
500-1000 μm (must be identical to compare different mixtures).  
The curing of thermosets is a complex process of network growing, weight 
distribution and branching in which two well-known phenomena take place, the gelation 
and the vitrification of the network. The gelation is defined as the time in which the 
chains form a unique path, hence, the molar mass becomes infinite. It is a giant 
macromolecule consisting of covalently bonded repeating units forming during the 
polymerization process. This giant molecule that percolates throughout the sample is 
called a gel.6 From an applicative point of view, it is defined as the time in which the 
material cannot be processed anymore. The gelation leads to a drastic change in the 
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physical response: the viscosity tends to infinite and the material response becomes 
more elastic than viscous. The vitrification takes place when the material behaves as a 
glassy network and the glass transition temperature is close or higher to the curing 
temperature (Tc). This phenomenon happens when the Tg of the thermoset is too high, 
thus, two polymerization steps are usually performed: an initial pre-cure at Tc < Tg and a 
final post-cure at Tc > Tg. During the pre-cure, the Tg approaches Tc resulting in the 
vitrification phenomenon that is overcome after the post-cure, enabling the completion 
of the polymerization.6 
 
Figure 2.2. AR G2 rheometer from TA instruments equipped with a Peltier temperature controller system. 
The gel time is determined in isothermal experiments where the oscillation 
amplitude changes to adjust to the changes in the material. The point at which tan δ is 
independent of the frequency is defined as the gel point.7 By stopping the experiment 
at that point and performing a DSC scan to determine the remaining heat it is possible 
to determine the conversion at gelation (xgel) following the next expression: 
𝑥𝑔𝑒𝑙 = 1 −
∆ℎ𝑔
∆ℎ𝑇
 (Eq. 2.5) 
where Δhg is the heat released up of gelled samples, obtained by integration of the 
calorimetric signal, and ΔhT is the heat associated with the complete conversion of all 
reactive groups. 
2.2.3. Dynamo-Mechanical Thermal Analysis (DMTA) 
Dynamic-mechanical thermal analysis (DMTA) stablish relationships between the 
viscous and elastic response of a polymer depending on the deformation time. 
Generally, in DMTA analysis a sinusoidal pulse is applied to the sample and its response 
is measured. The analysis involves imposing a small cyclic strain on a sample and 
measuring stress response, or equivalently, imposing a cyclic stress on a sample and 
measuring the resultant strain response. DMTA is used both to study molecules 
relaxation processes in polymers and to determine inherent mechanical or flow 
properties as a function of time and temperature.8 In other words, DMTA studies the 
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viscoelastic nature of a material by applying an oscillatory stress with a fixed frequency 
to the sample and monitoring its response at different temperatures. Likewise, the 
complex modulus (E*) and the loss factor (tan δ) can be calculated. The modulus 
contains real and imaginary contributions (E*=E’+i·E’’). The real part, E', is the elastic 
response measure of the material, whereas imaginary part, E'', is the viscous response. 
The maximum obtained on tan δ curve is, in most cases accepted as the Tg of a material, 
although it changes with the frequency used in the experiment. The shape of the peak 
is a measure of the heterogeneity of the process: the broader and the smaller, the more 
heterogeneous. To quantify the heterogeneity, the width at half-height (FWHM) and the 
value of the peak are used. 
In this investigation, DMTA experiments were carried out at using a DMA Q800 
(TA Instruments, Figure 2.3) equipped with 3-point-bending clamp geometry, at 
oscillatory mode. The oscillation frequency was fixed to 1 Hz and the oscillation strain 
to 0.1%. A heating rate of 3 °C/min was imposed. 
Young Modulus (E) also can be calculated by DMTA. Using 3-point bending clamp 
the Young modulus in a non-destructive flexural test at room temperature can be 
obtained. The modulus of elasticity (MPa) is calculated using the slope of the load 




 (Eq. 2.6) 
where L is the support span (mm), b and t are the width and the thickness of test sample 
(mm) and m is the gradient of the slope (N/mm). 
 
Figure 2.3. DMTA equipment and 3-point bending clamb. 
2.2.4. Thermal Mechanical Analysis (TMA) 
Polymeric materials suffer dimensional changes, contraction or expansion, 
during the formation of the network or when are subject to heating/cooling processes. 
Thermomechanical analysis (TMA) measures changes in sample length or volume as a 
function of temperature or time under load at atmospheric pressure. The most 
important TMA measurements include determination of the coefficient of linear 
thermal expansion (CTE) and the glass transition temperature, Tg. However, several 
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other measurements can be made by applying special modes and various attachments. 
These include stress relaxation, creep tensile properties of films and fibbers, flexural 
properties and volume dilatometry.9 
For our studies, a Mettler TMA/SDTA840 (Figure 2.4), were used to evaluate the 
thermal expansion coefficient (CTE) of cured samples in static force mode. Cured 
samples were supported by the clamp and a silica disc to distribute the force uniformly 
and heated at 5 K/min from 35 °C to needed rubber state temperature. A minimum force 
of 0.01 N was applied to avoid results distortion. The coefficients of thermal expansion 















  (Eq. 2.7) 
where L is the thickness of sample, L0 the initial length, t the time, T the temperature 
and dT/dt the heating rate. 
 
Figure 2.4. Image of TMA device and the probe which subject the sample inside the furnace. 
2.2.5. Thermo-Gravimetric Analysis (TGA) 
Thermogravimetric analysis (TGA) is a technique where the mass of a polymer is 
measured as a function of temperature or time while the sample is subjected to a 
controlled temperature program in a controlled atmosphere.10 The heart of the TGA is 
the thermobalance, which is capable of measuring the sample mass as a function of 
temperature and time while a purge gas flowing through the balance creates an 
atmosphere that can be inert, oxidizing or reducing. The moisture content of the purge 
gas can vary from dry to saturated.11 TGA can be used to evaluate the thermal stability 
of a material. In a desired temperature range, if a species is thermally stable, there will 
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be no observed mass change. Negligible mass loss corresponds to little or no slope in 
the TGA trace. TGA also gives the upper use temperature of a material. Beyond this 
temperature the material will begin to degrade. 
A thermobalance (Figure 2.5) was used to analyze the thermal degradation of 
cured samples. The degradation was carried out in dynamic conditions, at 10 °C/min 
under nitrogen or air, from 30 to 600 or 800 °C depending on the experiment selected. 
The most important parameters extracted from the analysis of such curves are the initial 
degradation temperature, the temperature of the maximum degradation rate and the 
char yield. 
 
Figure 2.5. Thermobalance Mettler TGA2 and a detailed image of the oven and balance. 
2.2.6. Microindentation Knoop hardness and impact test 
A microindentation test hardness is a mechanical hardness test used particularly 
for very brittle materials where only a small indentation may be made for testing 
purposes. Here, a pyramidal diamond point is pressed into the polished surface of the 
test material with a known force for a specified time. Thereby, the length of the long 
diagonal produced by the indentation of a rhomboidal tip can be related with the 
hardness of the material. Moreover, the length is directly related to the hardness of the 
material, so the shorter the diagonal the hardest the material. 
Following the ASTM D1474-13 standard procedure and using a Wilson Wolpert 
(MicroKnoop 401MAV) the microhardness measurements were carried out (Figure 2.6).  
For each material at least 10 measurements were made with a confidence level 







 (Eq. 2.8) 
where L is the load applied by the indenter (0.010 Kg), Ap is the area of indentation in 
mm2 and Cp the indenter constant (7.028·10-2) relating l2 (length of indentation) with Ap. 
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Figure 2.6. Microindentation tester used for the determination of the Knoop hardness of the prepared 
thermosets. 
Impact tests are designed to measure the resistance to failure of a material to a 
suddenly applied force such as collision, falling object or instantaneous blow. The test 
measures the impact energy, or the energy absorbed prior to fracture. The Izod test has 
become the standard testing procedure for comparing the impact resistances of plastics. 
The Izod test is most commonly used to evaluate the relative toughness or impact 
resistance of materials. The Izod test involves striking a test piece mounted at the end 
of a pendulum. The striker swings downwards impacting the test piece at the bottom of 
its swing.12 
Zwick 5110 impact tester to perform impact test at room temperature was used 
(Figure 2.7). Impact test were carried out according to ASTM D4508-10 where prismatic 
rectangular specimens were used. Adjustable pendulum at different kinetic energy was 
used. The impact strength (IS) was calculated from the energy absorbed by the sample 




 (Eq. 2.9) 
where E and E0 are the energy loss of the pendulum with and without sample 
respectively, and S is the cross-section of the samples. The fracture area of impact 
samples was observed with ESEM (environmental scanning electron microscopy) 
Quanta 600. 
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Figure 2.7. Zwick 5110 impact tester used to determine the impact energy absorbed. 
2.2.7. Environmental Scanning Electron Microscopy (ESEM) and X-ray 
diffraction 
Electron microscopy is a technique based on the irradiation of an electron beam 
on the surface of a test specimen. The main signals which are generated by the 
interaction of the primary electrons of the electron beam and the specimen´s bulk are 
secondary electrons and backscattered electrons and furthermore X-rays. The electrons 
interact with the atoms that make up the sample producing signals that contain 
information about the sample's surface. Thanks to a scanner of the emitted beam of 
electrons it is possible to observe the topography of the surface and obtain an image 
that we can see through a display.13 
A SEM microscope was used, a FEI Quanta 600 Environmental Scanning Electron 
Microscope (ESEM) equipped with an X-Ray analyser (Figure 2.8). The low vacuum mode 
used by this technique allows collecting micrographs at 10–20 kV and make not 
necessary to coat the samples despite analyse high electron insulation materials. The 
analysis has allowed us to obtain detailed images of the internal structure of our cured 
material, in order to analyse the shape of the break after the impact tests or fragile 
rupture after subject the sample under liquid nitrogen, and the dispersion of the fillers 
added. 
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Figure 2.8. ESEM microscope used to analyse fillers and cured samples. 
X-ray diffraction is used to analyse the atomic arrangement of the materials. An 
X-ray beam with a wavelength (λ) comparable to the atomic dimensions hits the sample 
and the scattered intensity is detected. The principle is behind the Bragg’s law (Eq. 2.10). 
According to this law, X-rays are reflected in-phase from the crystalline planes making 
possible to determine the distance between planes (d) and the angle between the 
incident beam and the scattering plane (ϴ).14 
2 · 𝑑 · 𝑠𝑖𝑛𝜃 = 𝑛 · 𝜆 (Eq. 2.10) 
Measurements of X-ray diffraction (XRD) were performed with a Siemens D5000 
diffractometer (Bragg-Brentano parafocusing geometry and vertical ϴ-ϴ goniometer) 
fitted with a curved graphite diffracted beam monochromator, using incident and 
diffracted beam Soller slits, a 0.06° receiving slit and scintillation counter as detector. 
The angular 2ϴ diffraction range was between 5 and 70°. The data were collected with 
an angular step of 0.05° at 3 s per step and sample rotation. Cukα radiation was obtained 
from a copper X-ray tube operated at 40 kV and 30 mA. 
 
Figure 2.9. Diffractometer Siemens D5000 used in this thesis. 
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2.2.8. Electrical measurements 
Electrical conductivity (S/m), or its converse, electrical resistivity (Ω·m), is a 
fundamental property of a material that quantifies how easily conducts or resists the 
flow of electric current. Although conductors are required to transmit this form of 
energy, insulating materials as thermosets are needed to prevent their loss during the 
transport. Thermosets, very important in electrical engineering, in modern times have 
become a decisive material in the world of electronics. 
There are many methods to determine the electrical resistivity (ρ) of a material, 
but the technique may vary depending upon the type of material, magnitude of 
resistance, shape and thickness. The most common method is to apply a voltage (V) to 
a material by electrodes and measure the electrical resistance (Ω) it offers. Following 




  (Eq. 2.11) 
where R is the electrical resistance measured by the device, A the electrode area and l 
the sample thickness. Electrical resistance of materials was tested using different 
multimeters at room temperature based on ASTM D257-14 standard depending on the 
resistance of the materials: 34,410 A 6½ Digit from Agilent Technologies, a 
Megohmmeter Resistomat 24,508 and a Metrel MI 2077 TeraOhm 5 kV. 
 
Figure 2.10. The multimeters from Agilent Technologies and Resistomat and a detailed view of the montage 
to measure the electrical resistance of samples between two electrodes. 
Other important property can be measured in electrical insulators is the dielectric 
breakdown. This is the point at which the applied voltage is to high that the insulator 
permits current to flow, often associated with the failure of the material. Dielectric 
breakdown strength was measured using a Lamsa TD-51 alternating current dielectric 
strength tester, with a voltage supplied of 6.6 kV, 50 Hz transformer, according to ASTM 
D 149-09. Tests were made at room temperature with point/plane electrodes. The rate 
of voltage rising speed was 1 kV/s until breakdown. A minimum of 16 values were 
recorded for each specimen, discarding which one’s flash over occur. Considering 
tabulated dielectric strength of epoxy resins (19.7 kV/ mm) and BN (37.4 kV/mm)15 and 
maximum voltage of tester, films of about 100–150 mm were prepared, by curing the 
composition between two Norton FEP Fluoropolymer films. Thickness measurements 
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were made by a micrometer with rounded tips with a precision of ±0.001 mm. Different 
results were obtained for each specimen and the data obtained may be represented by 
statistical distribution. Two-parameter Weibull distribution are used to obtain failure 
prediction response and reliability of the materials because of its advantages such as 
high accuracy of results even with few determinations and a confinable method to 
estimate useful life of materials. Distribution is written as: 
𝑃 = 1 − 𝑒𝑥𝑝[(−𝐸 𝐸0⁄ )
𝛽]  (Eq. 2.12) 
where P is the cumulative probability of electrical failure, E is the experimental 
breakdown strength, E0 is the scale parameter, the characteristic breakdown strength 
at a cumulative failure probability of 63.2%, which is frequently used to compare 
different samples, and β is the shape parameter, inversely proportional to deviation of 





· 100% (Eq. 2.13) 
where i is the i-th result when values of E are sorted in ascending order, and n the 
number of samples. 
2.2.9. Thermal conductivity measurements 
The measurement techniques of thermal conductivity can be divided into two 
groups. They are steady state methods and transient methods. Steady state methods 
are applied when the system has achieved stability, while the transient methods are 
used during the process of heating up or cooling down a material. The transient methods 
are generally used to measure thermal diffusivity by recording temperature as function 
of time following a transient or periodic heat added at the sample surface. Thermal 
diffusivity can be calculated from the specimen thickness and the time required for the 
temperature rise to reach a percentage of its maximum value. Thermal conductivity (k) 
can be calculated through: 
𝑘 = 𝛼𝐶𝑝𝜌 (Eq. 2.14) 
where k is the thermal conductivity, α is the thermal diffusivity, ρ is the density, Cp is the 
specific heat. The transient methods are much faster than steady state methods. Typical 
measurement duration of one hour for a steady state measurement is reduced to a few 
minutes or to a subsecond interval for a transient method. However, transient methods 
usually have lower accuracy and require more complicated data analysis. The method 
employed is a transient pulse heating technique used for thermal conductivity and 
thermal diffusivity measurements. This technique uses a thin, plane, electrically 
insulated resistive element, usually in a spiral pattern, as both the temperature sensor 
and the heat source. Heating element is placed between two test samples of the same 
material. By recording the increase in resistance as a function of time while heating with 
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an electrical current pulse, the thermal conductivity can be deduced from one single 
transient recording 
Thermal conductivity was measured using the Transient Hot Bridge method by a 
THB 100 device from Linseis Messgeräte GmbH. A HTP G 9161 sensor was used with a 
3x3 mm2 of area calibrated with poly (methyl methacrylate) (PMMA), borosilicate crown 
glass, marble, Ti-Al alloy and titanium. Two equal polished rectangular samples were 
placed in each one of the faces of the sensor. Due to the small size of sensor, side effects 
can be neglected. A measuring time of 100 s applying a current of 10 mA to each sample. 
Five measures were done for each material. 
 
Figure 2.11. Thermal conductivity device from Linseis Messgaräte GmbH and the assembly to place the 
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Abstract 
A series of boron nitride (BN) composites, with different BN content, were prepared and 
characterized by cationic curing of DGEBA/BN formulations. As cationic initiator a 
commercial benzylanilinium salt was used. This cationic system shows good latent 
characteristics that were not lost on adding the filler. The performance of the catalytic 
system was optimized by varying the amount of initiator and adding little proportions 
of glycerol. The kinetics of the curing process was evaluated by calorimetric 
measurements. The addition of BN allowed increasing thermal conductivity without loss 
of mechanical properties like Young modulus, impact resistance, adhesion and other 
thermal characteristics like Tg or thermal stability. In addition, dielectric properties were 
improved with the increment of filler. 
Keywords 
Polymer-matrix composites (PMCs), thermosetting resin, layered structures, mechanical 
properties. 
1. Introduction 
The continuous trend of doing more with less is the tendency in our technological 
world and definitely it will continue in the future. This is especially true in the electronic 
miniaturization and the increasing power output of electrical equipment.  Efficient 
thermal management is imperative for these applications, since the improvement in the 
heat elimination of such devices is directly related to their improved efficiency, 
lengthening of half-life time operating and the prevention of premature failures or 
damage of equipment.  The electron circulation in materials produces heat by Joule 
effect and this heat must be removed from devices in order to maintain their work 
temperature. The electronic packing materials must disperse the heat produced to 
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lower temperature, but also must possess low dielectric constant and low dielectric loss 
to avoid the signal distortion, which in turn provides better equipment performance.1,2,3 
It is know, that the reliability of an electronic device is exponentially related to the 
operating temperature of the junction. Therefore, a small difference in the operating 
temperature (10–15 °C) can result in a twofold reduction in the lifespan of the device.4 
Thus, thermal dissipation is a challenging problem and the development of new highly 
thermally conductive but electrically insulating materials is of capital interest to address 
this challenge.5,6 
Epoxy resins have been recognized as versatile materials with good properties 
extensively used in the fields of electric and electronic industries as encapsulants, 
packaging or coatings, in printed circuit boards, integrated circuit chips and a huge range 
of electronic devices, electrical and communication equipment and lighting appliances.7-
10 Apart from brittleness, due to their high cross-linking density, one of the drawbacks 
of these materials is the very low thermal conductivity that exhibit (~0.2 W/m·K), which 
is mainly attributed to phonon scattering.2,8,11,12 Some liquid crystalline epoxy 
thermosets, with ordered structure, can promote the movement of phonons, giving rise 
to thermal conductivity until 1 W/m·K, but the cost to fabricated them increase 
considerably.3 
Much more convenient from the technological and economical point of view is 
the introduction of conductive fillers as an effective method to solve thermal 
conductivity drawbacks of epoxy resins.11,13,14 Metallic particles or carbon materials, like 
carbon nanotubes (CNT), graphene and graphite, could be attractive fillers due to their 
high thermal conductivity, but they can make materials electrically conductive. Thus, 
they are useless to encapsulate electronic devices although they are important in 
aerospace and aeronautics technologies, where high-performance composites replace 
metallic materials in some applications to save weight.4,15-17 Also metallic fillers have 
several disadvantages including high density and they are susceptible to oxidation.18 For 
this reason, only selected fillers with high thermal conductivity and acceptable dielectric 
breakdown strength, such as some inorganic materials, can be used in order to maintain 
electrical insulation of composites.3,19 
Among common inorganic particles, boron nitride (BN) provides the best 
combination of properties in terms of high thermal conductivity, low dielectric constant, 
high electrical resistivity and low coefficient of thermal expansion (CTE). Besides all this, 
BN also presents low density (2.2 g/cm3), high mechanical strength, high aspect ratio 
and chemical and thermal stability. BN can be synthesized in hexagonal and cubic forms. 
In particular hexagonal-BN, known as “white graphite”, is a platelet-shaped synthetic 
ceramic, with a crystal structure similar to graphite (hexagonal layer crystals) except for 
the stacking of layers, its layered lattice structure give BN good lubricating 
properties.6,11,13,20 The hexagonal BN layers are bonded by weak van der Waals forces, 
which enable the layers to slide easily against each other. These are the reasons for 
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which BN has been selected in the present study to prepare new materials with 
enhanced thermal conductivity from epoxy matrices. 
Most of the studies performed in epoxy BN composites are based in epoxy-amine 
or epoxy-anhydride matrices.14 However, the curing by homopolymerization of epoxides 
carries several advantages and broadens the field of applications of this type of 
materials. Homopolymerization of epoxies can be done by cationic or anionic initiators, 
in both thermal and photoirradiation conditions.21,22 Although the use of thermal latent 
cationic initiators for epoxy curing has not been much studied, it has superior 
advantages, especially in advanced processing technologies. Under environmental 
conditions the previously prepared formulations are stable and, only show activity by 
external stimulation on reaching high temperatures and once initiated they present high 
curing rates.21,23-27 In this way, an effective control of initiation and curing process by 
heating leads to desirable advantages in handling and storage stability and makes these 
curing systems very advantageous in terms of energy saving and eco-friendly processing 
compared with conventional curing agents like polyfunctional amines or organic 
anhydrides. It should be emphasized that heating is easier than photoirradiation for 
practical use since homogeneous heating of reaction mixtures can be easily attained. 
Moreover, homogeneous photoirradiation has a higher difficulty since the irradiation 
area depends on the irradiation source. Thick samples are difficult to completely cure 
and shadowed areas remain unaltered. 28 
In the present work, an optimization of a latent cationic epoxy system to prepare 
BN composite materials with enhanced thermal conductivity has been carried out from 
the point of view of the kinetics. As the base resin, we used diglycidyl ether of Bisphenol 
A (DGEBA) and a commercially available quaternary ammonium-antimonium 
hexafluoride salt as initiator. This benzylanilinium salt was previously developed by Endo 
et al.29 and has shown a good compatibility on adding several proportions of BN as filler. 
The kinetic studies of the curing have been performed by differential scanning 
calorimetry and the processability has been determined by rheological measurements. 
The BN-composites obtained have been characterized by thermogravimetric and 
thermomechanical analysis and mechanical characteristics like adhesion, hardness and 
impact resistance have been evaluated and compared to the unfilled material. The 
thermal conductivity and other parameters like thermal expansion coefficient, dielectric 
breakdown strength or electric resistivity have also been determined. 
2. Experimental 
2.1. Materials 
DGEBA from Huntsman International LLC., Araldite GY 240 (EEW=182 g/eq.) was 
dried at 80°C under vacuum for 6h before use. Initiator CXC1612, from King Industries 
Inc., USA, was solubilised in propylene carbonate at 50 wt %. Propylene carbonate, 
distilled before use, was provided by Sigma-Aldrich Co. Ltd. Glycerol, supplied by Sigma-
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Aldrich Co. Ltd., was used as received. BN was purchased by ESK Ceramics GmbH, TPC 
006, with a particle size of ~6µm. 
2.2. Sample preparation 
All the samples were prepared by weight, by adding varying initiator and glycerol 
proportions from 1 to 4 and from 0 to 8 phr (parts per hundred of resin) respectively to 
the DGEBA resin. For composite samples, the required amount of BN was added in wt. 
% to the previous formulation. The samples were mechanically stirred until 
homogeneous mixture and degassed under vacuum to prevent the appearance of 
bubbles during curing process. Finally, the samples were poured onto aluminium moulds 
and cured at 120°C for 1h, followed by a post-curing at 150°C for another 1h. 
2.3. Characterization techniques 
A differential scanning calorimeter (DSC) Mettler DSC-821e calibrated using an 
indium standard (heat flow calibration) and an indium-lead-zinc standard (temperature 
calibration) was used to analyse epoxy system. Samples of approximately 5-10 mg were 
tested in aluminium pans with a pierced lid in a nitrogen atmosphere with a gas flow of 
100 mL/min. The dynamic studies were performed in a temperature range of 30-250°C 
with a heating rate of 10 K/min. Enthalpy (Δh) of samples was calculated by integration 
of the calorimetric signal. The glass transition temperature (Tg) of cured samples was 
determined in a second scan as the temperature of the half-way point of the jump in 
the heat capacity when the material changed from glassy to the rubbery state under 
nitrogen atmosphere. The error is estimated to be approximately ±1°C. 
The curing kinetics was analyzed by means of isoconversional integral and Coats-
Redfern30 procedures applied to non-isothermal DSC experiments at heating rates of 5, 
10, 15 and 20 ºC/min. Details of the kinetic methodology are given in previous studies.31 
The thermal stability of cured samples was studied by thermogravimetric analysis 
(TGA), using a Metler TGA/SDTA 851e thermobalance. Experiments were performed 
under inert atmosphere (N2 at 100 mL/min.). Pieces of cured samples of 10-15 mg were 
degraded between 30 and 600°C at a heating rate of 10 K/min. Also experiments in 
oxidant atmosphere were performed (synthetic air at 100 mL/min) to measure stability 
of the composite and BN residues in the samples, at the same heating rate between 30 
and 800°C. 
Dynamic mechanical thermal analyses (DMTA) were carried out with a TA 
Instruments DMA Q800 analyzer. The samples were cured isothermally in an aluminium 
mould a 120°C for 1h and a post-curing of 150°C for another 1h. Prismatic rectangular 
samples (15 x 7.3 x 2.4 mm3) were analyzed by 3-point bending at a heating rate of 3 
K/min from 35 to 195°C, the temperature at which rubbery state was observed, using a 
frequency of 1 Hz and oscillation of 0.1% of sample deformation. The Young modulus (E) 
was determined at 35°C by means of a force ramp at a constant rate, 1 N/min, never 
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exceeding 0.25% of deformation to make sure that only elasticity was evaluated, linear 
zone of stress-strain graph. The slope between 0.1% and 0.2% of deformation was taken. 






where E is the elastic modulus of epoxy sample (MPa), L is the support span (mm), b and 
t are the width and the thickness of test sample (mm) and m is the gradient of the slope 
(N/mm). 
Thermomechanical analyses (TMA) were carried out on a Mettler TMA40 
thermomechanical analyzer. Cured samples (9 x 9 x 2.2 mm3) were supported by the 
clamp and one silica disc to distribute uniformly the force and heated at 5°C/min from 
35 up to 200°C by application of a force of 0.01N, a minimum force to not distort the 
results. Two heating were performed, the first one to erase the thermal history and the 
second one to determine the thermal expansion coefficients (CTEs), below and above 















  (2) 
where L is the thickness of sample, L0 the initial length, t the time, T the temperature 
and dT/dt the heating rate. 
Impact test was performed at room temperature by means of a Zwick 5110 
impact tester according to ASTM D 4508-10 using rectangular samples (25x12x2.3 mm3), 
cured in the same way of the other techniques. The pendulum employed had a kinetic 
energy of 0.56 J. For each material a minimum of 7 determinations were made with a 
confidence level of 95%. The impact strength (IS) was calculated from the energy 
absorbed by the sample upon fracture as: 




where E and E0 are the energy loss of the pendulum with and without sample 
respectively, and S is the cross-section of the samples. The fracture area of impact 
samples was observed with ESEM (environmental scanning electron microscopy) 
Quanta 600. 
Microindentation Knoop hardness was measured with a Wilson Wolpert 401 
MAV device following ASTM D1474-13. For each material a minimum of 20 
determinations were made with a confidence level of 95%. The Knoop microindentation 
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where L is the load applied to the indenter (0.025 Kg), AP is the projected area of 
indentation in mm2, CP is the indenter constant (7.028 x 10-2) relating l2 to AP. 
Rheometric measurements were carried out in parallel aluminium plates 
(geometry of 25 mm Ø) mode with a TA AR G2 rheometer, equipped with electrical 
heated plates (EHP). Viscosity (η) and complex viscosity (η*) of the pre-cured mixtures 
were recorded as function of shear rate (s-1) and angular frequency ω (rad/s), 
respectively. In the case of η* with a constant deformation in the range of linear 
viscoelasticity for each mixture, obtained from constant shear elastic modulus (G’) in a 
strain sweep experiment at 1 Hz, always at 35°C. The curing was monitored at 90°C in 
order to determine the gel point and the conversion at gelation. Gel time was taken as 
the point where tan δ is independent of frequency.32 The conversion at the gelation (xgel) 
was determined by stopping the rheology experiment at gelation taking a sample and 
quenched in liquid nitrogen, and performing a subsequent dynamic DSC scan at 10 
K/min of the gelled sample. The degree of conversion in the gelation point was 
calculated as follows: 
𝑥𝑔𝑒𝑙 = 1 −
𝛥ℎ𝑔
𝛥ℎ𝑇
  (5) 
 where Δhg is the heat released up of gelled samples, obtained by integration of 
the calorimetric signal, and ΔhT is the heat associated with the complete conversion of 
all reactive groups. 
Adhesion test of the different mixtures on rectangular steel plates were done by 
tensile lap-shear strength of bonded assemblies’ method by Houndsfield H10KS 
universal test machine with a 10kN load cell, following ASTM D 1002-10. At least, eight 
samples were tested for each mixture. The plate measures were 100 mm x 25 mm in 
plane and 1.5 mm in thickness. The overlap regions, 12.5 mm (± 0.25 mm) x 25 mm, 
were gently abraded with emery paper (320 grade) in two directions in 45 degrees to 
optimize the adhesion of the plates. The resin was cured in the oven for 3h at 170°C, 





  (6) 
where P the maximum load until fracture and A the overlapping area. 
Thermal conductivities were measured by a Transient Hot Bridge THB 100 from 
Linseis Messgeräte GmbH. The sensor was a HTP G 9161 with a 3 x 3 mm2 of area. Two 
equal polished rectangular samples (15x12x2.2 mm3) were placed in each one of the 
faces of the sensor. Due to the small size of sensor, side effect can be neglected. A 
measuring time of 100 s with a current of 10 mA was applied to each of the five 
measures done for different formulation. 
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Dielectric breakdown strength was measured using a Lamsa TD-51 alternating 
current dielectric strength tester, with a voltage supplied of 6.6 kV, 50 Hz transformer, 
according to ASTM D 149-09. Tests were made at room temperature with point/plane 
electrodes. The rate of voltage rising speed was 1 kV/s until breakdown. A minimum of 
16 values were recorded for each specimen, discarding which ones flash over occur. 
Taking into account tabulated dielectric strength of epoxy resins (19.7 kV/mm) and BN 
(37.4 kV/mm)33 and maximum voltage of tester, films of about 100-150 µm were 
prepared, by curing the composition between two Norton FEP Fluoropolymer films. 
Thickness measurements were made by a micrometer with rounded tips with a 
precision of ± 0.001 mm. Different results were obtained for each specimen and the data 
obtained may be represented by statistical distribution. Two-parameter Weibull 
distribution are used to obtain failure prediction response and reliability of the materials 
because of its advantages such as high accuracy of results even with few determinations 
and a confinable method to estimate useful life of materials. Distribution is written as:34 
𝑃 = 1 − 𝑒𝑥𝑝[(− 𝐸 𝐸0⁄ )
𝛽]  (7) 
where P is the cumulative probability of electrical failure, E is the experimental 
breakdown strength, E0 is the scale parameter, the characteristic breakdown strength 
at a cumulative failure probability of 63.2%, which is frequently used to compare 
different samples, and β is the shape parameter, inversely proportional to deviation of 
data. For failure probability, IEEE 930-2004 standard recommends a good, simple 
approximation:35 
𝑃𝑖 =  
𝑖−0.44
𝑛+0.25
 ∙ 100% (8) 
where i is the i-th result when values of E are sorted in ascending order, and n the 
number of samples. 
Volume resistivity of samples was measured on a Metrel MI 2077 TeraOhm 5 kV 
insulation tester at room temperature. Pieces of 2.2 x 12 x 17 mm3 were essayed 
between stainless steel circular electrodes with an area of 19.655 mm2 placed on both 
faces of samples. The applied voltage to the thermosetting composites were 5 kV for 1 




  (9) 
where R is the resistance measured by the apparatus, A and l the area and the thickness 
of sample. 
3. Results and discussion 
3.1. Optimization of the curing process of the neat and BN modified formulations 
Initiators are important in curing processes since they have a catalytic effect and 
decrease the activation energies, accelerating the process. In cationic systems, not only 
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the cation plays a role, but also the anion can increase the reactivity of the system if it 
has a low nucleophilicity, minimizing or preventing the reaction of the cationic growing 
chain with the anionic species. 
The cationic homopolymerization of epoxides initiated by benzylanilinium salts 
was firstly developed by Endo’s group.23,24,29 The catalyst N-(p-methoxybenzyl)-N,N-
dimethylanilinium hexafluoroantimonate has been selected for the present study and is 
commercialized as CXC 1612. The structure of this compound was determined by NMR 
spectroscopy and the spectra and the thermal behaviour fit well with the data 
reported.23,24  It was also demonstrated by the same authors, that on heating, benzyl 
cations are released, which are the true catalytic species that initiate the attack to the 
oxiranic oxygen. As anion, hexafluoroantimoniate compensate the positive charge and 
has a very low nucleophilicity, which is required to avoid termination of epoxy 
homopolymerization. 
Cationic epoxide homopolymerization follows two different mechanisms, known 
as AM (activated monomer) and ACE (active chain end). Both mechanisms are depicted 





Scheme 1. Activated monomer mechanism (a) and active chain end mechanism (b). 
Both processes compete and in some cases they were detected by calorimetric 
scans.38,39 The proportion of hydroxyl groups can influence the global propagation rate. 
In addition to the initiation and chain growing, inter and intramolecular transfer 
processes can occur besides to termination reactions. This is due to the fact that this 
epoxide ring-opening mechanism follows a chain-wise polymerization pattern. 
Therefore, the kinetics of the cationic curing should be studied from the process as a 
whole. As the first step of the work, the optimization of the composition of the neat 
formulation (without BN) was performed be means of DSC studies (kinetics of curing) 
and other techniques like DMTA and TGA, to reach the most adequate characteristics of 
the final material. First, we studied the evolution of the curing process by varying the 
proportion of initiator (from 1 to 4 phr) by means of calorimetric studies.  Figure 1A 
shows the DSC curves corresponding to this process. 
We can see in the figure that the curing process starts at slightly lower 
temperatures with the increasing proportion of initiator, although the difference is 
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scarce from 3 to 4 phr of catalyst. However, a little difference in the shape of the curves 
is noticeable on varying the proportion of initiator. The highest peak at lower 
temperature has a complex shape that can be attributed to the coexistence of AM and 
ACE mechanisms that occurs overlapped giving rise to a certain splitting in the 
exotherm. As the process AM is faster,40 it is assumed that the first peak is due to this 
mechanism.21,37,38 Also, a shoulder after the maximum can be observed, decreasing 
when the proportion of initiator increases. These shoulders are sometimes due to 
phenomenological issues like vitrification or to thermal epoxy homolymerization. Table 
1 shows the most important data extracted from the calorimetric analysis. 
 
Figure 1. DSC curves showing the effect of the different proportions of initiator (A) and adding 
different proportions of glycerol (B) in the curing process. 
Table 1. Calorimetric data of formulations of DGEBA with several proportions of initiator and glycerol. 
Initiator (phr) Glycerol (phr) Tmaxa (°C) Δhb (J/g) Δhb (kJ/ee) Tgc (°C) 
1 0 122 381 71 121 
2 0 125 502 95 152 
3 0 124 531 102 135 
4 0 125 523 103 131 
3 2 120 504 99 129 
3 5 122 481 97 122 
3 8 124 483 100 120 
a Temperature of the maximum of the curing exotherm. 
b Enthalpy of the curing process by gram of mixture or by epoxy equivalent. 
c Glass transition temperature determined by DSC in a second scan after a dynamic curing. 
One of the most important calorimetric parameters is the heat evolved during 
the curing process, which can be expressed by gram or by epoxy equivalent. If we look 
to the heat released by epoxy equivalent we can evaluate if the curing has been 
completed. It is reported that the enthalpy evolved by epoxy equivalent in a complete 
curing is about 100 kJ/ee,41 and in principle, the maximum heat evolved the higher 
crosslinking degree reached. From the values of the table we can go to the conclusion 
that 3 phr of initiator is the best proportion to reach the curing with a quite good Tg 
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 0 phr glycerol
 2 phr glycerol
 5 phr glycerol
 8 phr glycerol
B)
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value and a simple shape of the curve without any shoulder at high temperature that 
usually leads to increase unnecessarily the curing time or temperature. 
As we have introduced above, AM mechanism is favoured by the presence of 
hydroxyl groups and this mechanism is faster than ACE.38 In order to facilitate the curing, 
we added small proportions of glycerol, which is a trifunctional alcohol that does not 
produce any reduction of the crosslinking density, as occurs in compounds with an only 
hydroxyl group. 
As we can see in Figure 1B, the addition of a little amount of glycerol leads to a 
simplification of the curve, which turns unimodal. It is also noticeable than the 
temperature of the maximum of the peak is maintained but the curing rate is increased 
according to a higher contribution of the AM mechanism on adding hydroxyl groups.42 
Also, the shoulder at higher temperature tends to disappear. Table 1 shows the most 
significant data extracted from DSC curves. 
The addition of glycerol to the reactive mixture does not affect negatively the 
evolution of the curing or the enthalpy released but it can influence the network 
structure and therefore thermomechanical and thermostability should be evaluated. By 
looking to the values in the table, we can see that there is a difference in the glass 
transition temperature reached in the cured material. The higher the proportion of 
glycerol in the formulation the lower the Tg. This can be explained by the contribution 
of two different factors: the flexible structure of the glycerol and that AM mechanism, 
which leads to chain transfer processes, which limits the growing of the chain, reducing 
the crosslinking degree. The stability to high temperature of these materials was 
evaluated by thermogravimetry. Table 2 collects the most representative data extracted 
by TGA. 
Table 2. Thermogravimetric and thermomechanical data on varying the glycerol proportion in DGEBA 















0 306 432 14.1 2.0 147 50 
2 310 433 13.4 2.3 138 44 
5 300 432 11.2 2.4 122 25 
8 154 432 9.2 -g -g -g 
a Temperature of decomposition in TGA calculated for a 2% of weight loss. 
b Temperature of the maximum decomposition rate determined by TGA in N2 at 10°C/min. 
c Char residue at 600°C. 
d Young’s modulus determined by DMTA at 35°C by the three point bending mode 
e Temperature of maximum of the tan δ at 1 Hz. 
f Relaxed modulus determined at the Ttan δ + 40°C (in the rubber state). 
g Not determined. 
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As can be seen in the table, the sample with 8 phr of glycerol presents an initial 
weight loss at low temperature and a lower char yield that could be attributed to the 
fact that not all the glycerol molecules have been chemically incorporated to the 
network. In fact, exudation phenomena was observed in samples containing 8 phr of 
glycerol during storage, which confirms that some proportion of glycerol remained 
unreacted in the cured material. According to that, this formulation has not been further 
tested. 
Then, DMTA analyses were carried out. The increase of glycerol proportion 
provides an enhancement of Young modulus. The increase is higher on adding little 
proportions of glycerol (2 phr) and then a minor effect is observed on adding 5 phr.  
However, temperature of the α relaxation and modulus in the rubbery state decrease, 
especially when 5 phr of glycerol was in the formulation.  By taking into consideration 
all these data and the reactivity observed by DSC we selected as the most adequate 
formulation for the base material, the one constituted by 3 phr of cationic initiator and 
2 phr of glycerol as additive of DGEBA resin that meets the best compromise. It should 
be commented that this formulation keeps its latent characteristics, since the storage at 
room temperature for three months leads only to a slight decrease of a 1% in the heat 
evolved during curing. 
Once selected the base epoxy formulation, different proportions of BN were 
added with the aim to enhance thermoconductivity and the effect in several 
characteristics in the final thermosets. The proportion of BN in these DGEBA 
formulations is limited to the 20% in weight, since higher amounts of this filler rends too 
high viscosity to the formulation and big difficulties to reach homogeneous mixtures, 
without use of solvents. The different formulations prepared were analysed by 
calorimetry to investigate their reactivity on curing and the calorimetric curves are 
represented in Figure 2. 
 
Figure 2. (A) DSC curves showing the effect of the addition of different proportions of BN to the neat 
formulation and (B) plot of conversion against temperature at 10 °C/min. 
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In the figure we can observe a slight shift of the exotherms at higher 
temperatures on increasing the proportion of filler in the formulation and also a 
decrease in the height of these curves, both indicating a reduction in the reactivity. The 
fact that the shape of the curves is similar and all formulations begin the curing at the 
same temperature confirms that the latency is kept unaltered. It is worth noting, that in 
the plots of conversion against temperature the bigger differences in reactivity appear 
at low temperatures and are proportional to the amount of BN in the formulation. From 
these results, it can be stated that BN does not participate in the homopolymerization 
mechanism due to its inert character and does not affect the active cationic species. 
However, the reduction expected by the dilution of epoxide groups or the hindrance 
produced by the BN particles have been detected.  It should be noted that in BN sheets, 
the basal plane is molecularly smooth and has no surface functional groups available for 
chemical bonding or interaction. Only the edge planes of the BN platelets do have 
functional groups such as hydroxyl groups (-OH) and amino groups (-NH2).43 OH groups, 
although scarce, could participate in the AM mechanism producing not only a little 
effect on the kinetics, but also helping to form some covalent bonds between the BN 
particles and the epoxy matrix.44   Amino groups can also help to increase the BN-epoxy 
interactions. The most representative data extracted from the calorimetric study are 
collected in Table 3. 
Table 3. Calorimetric data on varying the BN proportion in DGEBA formulation with 3 phr of initiator and 2 
















0 120 504 99 129 127.1 38.4 0.65 
5 119 469 97 129 144.0 43.6 0.61 
10 121 459 100 129 135.7 40.9 0.56 
15 122 420 97 130 122.3 36.7 0.47 
20 123 394 97 130 121.1 36.2 0.42 
a Temperature of the maximum of the curing exotherm. 
b Enthalpy of the curing process by gram of mixture or by epoxy equivalent. 
c Glass transition temperature determined by DSC in a second scan after a dynamic curing. 
d Activation energy at 0.5 of conversion evaluated by isoconversional non-isothermal integral procedure KAS. 
e Values of pre-exponential factor at 0.5 of conversion for second order (n=2) kinetic model with g(α)=-1+(1-
α)-1. 
f Rate constant at 0.5 of conversion determined by using Arrhenius equation. 
The data do not show any significant difference in the heat evolved by epoxy 
equivalent, which indicates that the curing is completed even in formulations with high 
proportions of BN. However, the heat evolved by gram of mixture is decreasing, because 
of the lower proportions of epoxide on increasing the filler percentage. The differences 
in the Tg are not relevant, which seems to support that the type of network formed 
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remains unaltered and that the balance between AM and ACE mechanism does not 
change by the addition of BN to the formulation.  
By KAS isoconversional kinetic analysis, it was observed that the activation 
energy barely changes with the conversion (results do not show). This result confirms 
that the kinetic reaction mechanism is constant during curing and suggests that the 
kinetic model can be determined by Coats Redfern procedure. Using this methodology 
it was determined that all formulations follow a second order kinetic model with n = 2, 
as it is expected for cationic epoxy homopolymerization. Table 3 shows, as an example, 
the kinetic parameters for all formulations at conversion of 0.5. Activation energies and 
pre-exponential factor varies in a non-regular trend on increasing the proportion of BN 
in the formulation. In many reaction processes the variations in activation energy do not 
actually reflect kinetic changes, due to the compensation effect between the activation 
energy and the pre-exponential factor.45 The value of the rate constant is a better 
reflection of the actual kinetic changes, since it includes both the effect of the activation 
energy and the pre-exponential factor. It can be observed as the rate constant is reduced 
on increasing BN content (Table 3), according to the retarding effect exerted of BN and 
in agreement with the calorimetric data (Fig. 2B). This behaviour can be attributed to 
the increased viscosity of the formulation and to the dilution effect of BN. 
3.2. Rheological study of the BN formulations 
Rheological analysis can provide insights into the evolution of the structure of BN 
networks, interactions between BN and polymer chains, and the dispersion of BN sheets 
in the matrix. This type of mixtures have complex rheological properties and depend on 
many factors such as particle size, particle shape, volume fraction of filler and the 
applied shear rate. In the same way the interactions particle-particle and particle-matrix 
play an important role.46,47 Accurate measurements of viscosity are absolutely necessary 
for understanding these interactions, control and optimize process conditions and 
product performance and computer simulations.48  Thus, the formulations with different 
amounts of BN were investigated by this technique. 
The first point to consider is the Newtonian behaviour of the unfilled resin (Figure 
3). The experimental data exhibited some usual properties of suspensions of particles in 
Newtonian fluids: unbounded viscosities at low shear rates (yield stress), strain 
dependent properties and shear thinning.47 These effects are the results of the changes 
in the structure generated by particle interactions causing redistribution of particles and 
their orientations. The flow study showed that with the increasing of BN particles, as 
found by Han and Lem with different fillers,49 the viscosity is raised more than two orders 
of magnitude and the degree of shear thinning at low shear rates was highly increased, 
as it is shown in Figure 3.  
This effect is accompanied with a Newtonian asymptote at high shear rates. This 
observation is in accordance with previous results in the field of layered silicate-polymer 
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systems.50 This rheological behaviour is determined by the balance of hydrodynamic 
force, that tend to align the major axis with the flow, and rotary Brownian motion (non-
hydrodynamic forces) that tends to randomize the orientation. Brownian motion are 
negligible for the shape, distance between particles and dimensions (>1µm) of BN 
particles in more concentrated blends (yield stress and shear thinning),51 which explain 
the diminution of η when the shear rate is increased. In the neat solution (Newtonian 
behaviour) and 5 wt. % of BN concentration (pseudoplastic) Brownian diffusion 
predominates and then the dispersion may be considered dilute. 
 
Figure 3. Plot of log η versus log ν for the different formulations at 35°C from 0.1 to 1000 s-1. 
Oscillatory experiments were performed to determine the viscoelastic response 
of material. It is known that complex viscosity (η*) and the dynamic storage modulus 
(G’) are extremely sensitive to the microstructure variation of filler reinforced polymer 
mixtures. The Newtonian behaviour is practically kept constant in all the range of strain 
studied for the base formulation. However, this range becomes shorter and goes to 
lower strains on increasing the filler content in the strain sweep experiments, where the 
frequency is fixed (1 Hz) (see Figure 4A). The linear viscoelastic region, where the G’ are 
independent of the applied strain, found a critical strain above which the structure starts 
to breakdown earlier when the amount of filler is raising.52  Then, the strain was fixed in 
the linear region for each mixture to perform the oscillatory sweep tests, measuring 
parameters as function of frequency. As in η plot, η* showed analogous behaviour 
finding significant change between composites with BN concentration below 5 wt. % 
and above, nearly Newtonian plateau and shear thinning, respectively, in all the 
frequency range tested (Figure 4B), but more pronounced at low frequencies.  
This behaviour is due to the increase in G’ and loss modulus (G’’) and can be 
ascribed to the alignment of the particles and their interactions when a stress is applied. 
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It is interesting to note the small increase in viscosity of the unfilled and low filled 
compositions when frequency exceeded certain critical value. This apparent increase is 
associated with the entrance of turbulent regime, but does not mean that viscosity 
increases, indicates that the degree of turbulence grows.51 G’ (elastic property) and loss 
G’’ (viscous property) curves as a function of frequency of all the formulations are 
represented in Figure 5. 
 
Figure 4. (A) Plot of log G’ versus log % strain in oscillatory experiments (1 Hz). (B) Plot of log η* versus log ω, 
both at 35°C for all the formulations. 
 
Figure 5. Plots of G’ (filled symbols) and G’’ (open symbols) against ω of formulations at 35°C.  
How is expected, unfilled resin greatly follows the linear rheological theory (G’ ∝ 
ω2 and G’’ ∝ ω1) at low frequency. Nevertheless, the slopes decrease monotonically with 
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increasing BN content. When the concentration exceeds 5 wt. % there is a sharp falling 
in the slope at low angular frequency, indicating a significant variation of the 
microstructure of composites. G’ is observed to be almost independent of the frequency 
when the filler loading is above that concentration. Also, the change in the liquid like 
behavior (G’ < G’’) to solid like (G’ > G’’) is observed. This change in G’ at about 10 wt. 
%, with a kind of plateau at low frequency, means that composites have reached a 
rheological percolation. Near the percolation threshold, theory predicts a power law 
relation that can be used (adapting to mass fraction instead of volume fraction)53,54 at 
fixed frequency to determine the threshold of the rheological percolation.55,56 
𝐺′ ∝ (𝑚 − 𝑚𝑐)
𝛽 (10) 
where G’ is the storage modulus, m is the mass fraction of BN composites, mc is the mass 
fraction at rheological percolation and β is the critical exponent. This relation is often 
valid only on a very narrow concentration region.48 The rheological percolation at 1 rad/s 
and 10 rad/s was calculated to be 6.9 wt. % and the critical exponent 1.9. 
Gelation is an irreversible phenomenon taking place during curing and processing 
of epoxy formulations that corresponds to the point at which the initial network is 
formed. Then, the gel fraction extends and increases crosslinking as the curing advances 
leading to an insoluble and three-dimensional network at the end of the curing process. 
Macroscopically, there is an abrupt change from a liquid-like to a solid-like behaviour 
and the viscosity tends to infinite. The material ceases to flow and starts to build up 
mechanical properties.32 The knowledge of the conversion and gelation time is of capital 
importance from the industrial processing point of view that takes into account 
temperature, time and the minimum viscosity for injection or transfer moulding for 
computer chip packaging systems. Whereas, the prediction of the conversion at the 
gelation in polycondensation processes is quite easy by applying the Flory equation,57 in 
chain-wise polymerization the conversion at the gelation depends in a complex way on 
the relative rate of initiation, propagation and termination and also on the amount of 
initiator. Increasing the initiator concentration results in shorter primary chains and a 
corresponding increase in the gel conversion, similarly occurs when increasing amounts 
of hydroxylic compounds are added to the formulation.21 Since, ring-opening 
polymerization results from an initiation step starting at different times and positions in 
the curing mixture, the process is not as homogenous as in polycondensation 
mechanisms and inhomogeneities, called microgels, appear in the reactive mixture, 
leading sometimes to gelation at lower conversion than expected.58 
The addition of BN to the formulation can influence both gel time and conversion 
at the gelation and the values obtained experimentally are collected in Table 4.  
From the results obtained, it can be observed that there is a tendency to the 
reduction of the gel time on increasing BN concentration. The same behaviour was 
established by several authors when examined an epoxy resin system with silica 
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filler.59,60 Moreover, the conversion at the gelation diminishes on increasing the 
proportion of BN in the formulation. The decrease in the gelation time with increased 
filler concentration can be related to the fact that the conversion at gelation has 
decreased by the effect of the BN particles. This decrease could be related to the 
reaction of -OH and –NH2 groups at the edge of the BN platelets, which can reduce the 
primary chain length. 
Table 4. Gelation data from rheometric monitoring of the curing of the formulations at 90°C. 
% BN tgela (min) Xgelb (%) 
0 11.0 34 
5 10.0 30 
10 10.0 30 
15 9.5 25 
20 8.0 23 
a Gel time determined from the frequency independent crossover of tan δ. 
b Determined as the conversion reached by rheometry and DSC test at 10°C/min.  
3.3. Thermal characterization of the BN-composites 
The addition of inorganic fillers, like BN, can modify the thermal behaviour of the 
polymeric matrix. Therefore, the thermal stability and the thermomechanical 
characteristics of the new BN composites were evaluated by TGA and DMTA. The most 
characteristic data obtained by TGA are collected in Table 5.  












Char Yieldd  
(%) 
0 390 433 13.4 343 429 0.0 
5 393 434 18.1 368 429 4.9 
10 392 433 23.1 369 428 10.4 
15 394 433 28.1 373 429 15.1 
20 393 432 32.6 379 430 20.0 
a Temperatures of 5% weight loss and maximum decomposition rate determined by TGA in N2 at 10°C/min. 
b Char residue at 600°C (in N2). 
c Temperatures of 5% weight loss and the maximum decomposition rate determined by TGA in air at 
10°C/min. 
d Char residue at 800°C (in air). 
From the TGA it can be confirmed that composites show the same degradation 
pattern that the neat epoxy matrix, indicating that the addition of BN does not affect 
the degradation mechanism. From the data in the table, it can be seen that the initial 
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degradation temperature and the temperature of maximum degradation rate are not 
affected by BN and the biggest difference is shown in the residues after heating at high 
temperature in inert or oxidizing atmosphere, as expected. The char residue at 800°C in 
air atmosphere agrees with the percentage of BN in the material. The char yield in 
nitrogen atmosphere is higher on increasing the BN % due to the formation of 
carbonaceous residues on the BN filler particles. It is reported a slight increase in 
thermal stability on increasing the proportion of filler in epoxy-BN composites,14 but this 
behaviour was not observed in the composites prepared. 
By thermomechanical tests the effect of the presence of BN in the cured 
materials was observed.  Although it was not the aim of the present study, by increasing 
the BN proportion in the material a notable enhancement of thermomechanical 
behaviour was proved. Table 6 collects the values obtained by DTMA of all the 
composites and the neat material for comparison purposes. Figure 6 represents the 
variation of storage modulus and tan  against temperature for all these materials.  













0 2.3 138 44 75 183 
5 2.6 144 79 73 175 
10 2.8 144 95 69 180 
15 3.2 145 115 66 179 
20 3.5 145 148 58 177 
a Young’s modulus determined with DMTA at 35°C in a controlled force experiment using a three point 
bending clamp. 
b Temperature of maximum of the tan δ at 1 Hz. 
c Relaxed modulus determined at the Ttan δ + 40°C (in the rubbery state). 
d Thermal expansion coefficient of glassy state determined between 50-75°C. 
e Thermal expansion coefficient in the rubber state determined between 170-190°C.  
As we can see in the table, Young’s modulus increases steadily on increasing the 
% of BN, which is more than a 50% in the sample with 20 wt. % of BN. It is also noticeable 
that the storage modulus in the rubbery state goes from 44 to 148 MPa, which is a 
consequence of the reinforcement produced by the filler. Unlike calorimetric study, by 
DTMA it was observed that on adding BN to the formulation, the composites showed an 
increase in the Tg of 6-7 °C, although the final Tg was independent from the thermoset 
composition.  The different evolution of the Tg value by DSC and DMTA can be attributed 
to the physical basis of both measurements. By calorimetry, only changes in the calorific 
capacity of the polymeric matrix can be detected while in DMTA, the mechanical effects 
of the filler in the relaxation phenomena of the polymer matrix can affect Tg values. In a 
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previous study on DGEBA/BN composites,14 Tg determined by DMTA was increased in 4-
5 °C. The authors attributed this enhancement in the relaxation temperature to the 
surface functionalization of BN particles made by sol-gel with a reactive amine that 
increases the interaction filler-matrix. However, similar enhancements were obtained in 
the present work without any surface modification. Thus, from our results, we can state 
that a restriction of the chain motions for the presence of BN particles and a certain 
reaction of groups at the edge of the platelets together with some interface affinity 
between BN surface and epoxy matrix are the responsible for the improvement of 
temperature of the α relaxation. 
Figure 6A shows in the DMTA curves a steadily increase on storage modulus on 
increasing the % BN in the material, which affects the vitreous and rubbery state, and a 
unimodal shape of tan δ curve, which indicates that a homogeneous material is formed 
even in case of high BN percentages. 
 
Figure 6. Variation of A) storage modulus and B) tan δ against temperature of the different materials 
prepared. 
Dimensional stability is an important consideration for epoxy materials used in 
many demanding areas, especially for electrical and electronic applications. Table 6 
shows the CTE of the thermosets with different BN contents in the range below and 
above Tg measured by TMA. As expected, the introduction of the ceramic filler produces 
a decrease in the CTE. The difference is more remarkable in the vitreous state, which 
will be the work temperature. This suggests that the mechanical interlock at the organic-
inorganic interface may constrain the CTE mismatch of the components.61 This 
behaviour, as with the E modulus, will be beneficial in the use of these materials as 
adhesives or encapsulants in printed circuit boards. The more similar will be the 
properties of composite and metallic substrate, the minimum internal stress and crack 
will be produced by the temperature fluctuation, ensuring reliability of electronic 
devices when they run. 
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3.4. Mechanical characterization and dielectric properties of BN-composites 
One of the most important shortcomings of epoxy thermosets is their fragile 
characteristics, due to the high crosslinking density and therefore, some toughness 
agents are added to the formulation to improve impact resistance. However, most of 
these agents decrease the Tg and other thermomechanical properties, reducing the 
materials performance. In the present work, the addition of a little proportion of glycerol 
aims to introduce some more flexibility to the network structure and the addition of BN 
as the filler can also improve toughness by changing the fracture mechanism, especially 
if some interactions between particles and matrix exist. Toughness characteristics were 
evaluated by impact test. Table 7 shows the values of impact strength for all the 
materials prepared. It can be seen, that the addition of BN leads to an improvement of 
the neat material in about a 75%, which is quite high. However, on increasing the 
proportion of BN in the material the increase produced is only slight. 











0 1.45 ± 0.15 21.91 ± 0.44 15.88 ± 1.51 30.8 7.2 5.4 
5 2.31 ± 0.25 23.53 ± 0.63 14.99 ±0 .96 35.6 5.8 5.6 
10 2.41 ± 0.10 27.93 ± 1.37 15.86 ± 0.56 38.7 6.5 5.8 
15 2.51 ± 0.27 25.73 ± 0.87 14.90 ± 0.81 41.9 5.7 6.0 
20 2.54 ± 0.25 25.19 ± 0.89 12.83 ± 0.86 42.8 8.7 7.6 
a Knoop microindentation hardness. 
b Apparent lap-shear strength. 
c Scale parameter of Weibull distribution, the dielectric breakdown strength. 
The fracture surfaces were examined by ESEM microscopy and Figure 7 shows 
their appearance. 
 
Figure 7. ESEM micrographs for the fracture surfaces of the materials prepared on varying the BN content at 
800 magnifications. 
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It is worth to note the great difference between the micrograph of the neat and 
of the filled materials. When increasing the filler proportion, the roads of breakage 
appear shorter and less straight, which explains the increase in the impact strength by 
having to start new paths of brakeage. Likewise, it can be observed the homogeneity of 
the materials. There is also a great difference between the samples with 5 and 10% of 
BN. Whereas in the case of 5% sample, the BN particles are completely isolated and 
surrounded by the polymeric matrix, in the sample with 10% the particles are close to 
each other because of the percolation produced at filler contents in between (6.9%).  
Microindentation hardness measurements rate the resistance of the material 
against penetration by static load. This parameter is of interest in the coatings industry. 
The results obtained using a Knoop microindenter are collected in table 7. As it can be 
seen, there is a slight tendency to increase hardness on increasing the proportion of BN 
in the material but it does not follow a linear increase but reach a maximum at 10% of 
filler added. In any case, BN does not worst but even improve this characteristic. 
Adhesion is a complex property that depends on different factors, which include 
properties of the coating (viscosity, surface energy, etc.), substrate properties 
(roughness, surface energy, etc.), interfacial properties (internal stress, wettability, etc.) 
and environmental conditions (humidity, temperature, etc.). Also, differences in 
thermal expansion coefficients between substrate and coating lead to the reduction of 
adhesion, especially for epoxy coatings cured at high temperature, since the final 
decrease of temperature after curing creates internal stresses that leads to the 
production of microcracks, warping, etc. Internal stress generated during cooling 
increases proportionally to the differences between Tg and curing temperature.62 Table 
7 shows the apparent shear strength values on steel surfaces for the different materials 
prepared with different BN content. As we can see, the neat material presents a good 
adhesion to the metal. This value, in general, does not experiment great changes on 
adding BN to the formulation, but the addition of a 20% of BN leads to a reduction in a 
20% of this value. Taking into account that CTE decreases on increasing BN content (see 
Table 6), the slight reduction of lap-shear strength observed in table 7 could be related 
with the lower adhesion of BN particles to the metal than epoxy matrix. 
Dielectric breakdown strength measurements were performed to determine the 
highest voltage which samples can stand before they fail electrically, divided by sample 
thickness. Weibull plots are presented in Figure 8. The addition of BN presented a clear 
trend to enhance electrical breakdown strength (E0), also presented in table 7, in 
increasing the order of filled composites (5 to 20 wt. %). Relative small shape parameters 
are attributed to imperfections such as imperceptible bubbles, microcracks or tiny 
fissures created during curing of the thin films.  
Despite the fact that the introduction of defects can reduce the electric 
resistance, the addition of BN particles show a favorable behavior on growing their 
proportion. The increasing trend observed is according to previous published results.13,63  
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The same pattern was observed in the electrical resistivity of the composites (see 
table 7). This is the intrinsic property of materials that quantify the opposition to the 
current flow, another important property in the thermal management in electronic 
packaging giving them security and stability to the electronic components. Voltage of 5 
kV was applied to obtain the best determinations according to the capacity of the tester. 
As can be seen in the table the resistivity increases with the amount of BN in the 
material, although slightly.  However, when the material contained a 20% of BN this 
parameter increases notably, reaching an increase of 40% in reference to the neat 
material. Both dielectric strength and electrical resistivity confirm the tendency that 
increasing the amount of BN particles, dielectric properties improve, because of the 
intrinsic properties of boron nitride. 
 
Figure 8. Weibull plots of breakdown strength for neat epoxy and the composites. 
3.5. Thermal conductivity 
Figure 9 shows the variation of thermal conductivity with the filler content for 
BN resins. In general, the thermal conductivities of BN filled epoxy resins are enhanced 
with the increase of filler content. Although, h-BN has a high thermal conductivity (390 
W/m·K in basal plane direction; and 2 W/m·K in the c-axis),64 only limited amount of it 
is shared by the composite due to the presence of epoxy (k=0.2 W/m·K) used as the 
matrix. The thermal conductivity of the composites prepared in the present work 
improved linearly with the concentration of BN added getting a maximum of 0.61 W/m·K 
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with the maximum concentration, 20% wt. (13.4 % in volume fraction). This constitutes 
an enhancement of more than 300% in reference to the neat epoxy. 
The thermal conductivity achieved an increase of 300% with the only addition of 
20 wt% of BN to the formulation. If we compare the maximum conductivity achieved 
(with 13.4% of BN in volume) with other authors14,63 we find equal or even better 
thermal transport characteristics. These authors stated that there was a great increasing 
when the addition of filler exceeded 20% in volume, which could not be accomplished 
in the present case because of the loss of homogeneity in the preparation of the 
mixtures, due to the high viscosity of the formulation. Taking into account the 
improvement of thermal conductivity along with other thermal, mechanical and 
electrical characteristics, it can be confirmed that the compounds prepared in this study 
are excellent materials for thermal dissipation applications. 
 
Figure 9. Thermal conductivity of the materials prepared on varying the BN content. 
4. Conclusions 
A new latent cationic curing system for diglycidylether of bisphenol A was 
optimized. The curing behavior was not highly influenced by the addition of BN particles 
and it keeps the latency for a period of three months. The viscosity of the formulation 
raised with the addition of BN, which can explain, along with the dilution effect exerted 
by BN, the curing retardation experimented at lower temperatures. Rheological studies 
allowed to determine that the Newtonian range became shorter and went to lower 
strains on increasing the filler content. The rheological percolation was calculated to be 
6.9 wt. %. 
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On increasing the amount of BN in the formulation both the conversion at the 
gelation and the gelation time are reduced which seems to be related to the presence 
of OH and NH2 groups in the BN structures which can reduce the primary chain length. 
Glass transition temperatures, determined by DSC, were unaltered on increasing 
the BN proportion in the material, but slightly increased the tan δ temperature, because 
of the mechanical effect of the particles on relaxation phenomena. Young modulus and 
rubbery modulus increased steadily on increasing the % of BN. 
The introduction of the ceramic filler produced a decrease in the thermal 
expansion coefficient, more remarkable in the vitreous state. 
Mechanical characteristics were maintained or even improved. The addition of 
BN led to an enhancement in impact strength up to 75% in reference to the neat 
material. This effect was also confirmed by the SEM inspection of the fracture surface. 
Microindentation hardness reach a maximum at 10% of filler added in reference to the 
neat thermoset. Adhesion did not experiment great changes on adding BN to the 
formulation, but the addition of a 20% of BN led to a reduction in a 20% of this value. 
Thermal conductivity enhancements of more than 300% in reference to the neat 
epoxy was reached, which increased proportionally to the % BN content. Both dielectric 
strength and electrical resistivity confirm the tendency that increasing the amount of 
BN particles, dielectric properties improved, because of the intrinsic properties of boron 
nitride added to the formulation. 
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Abstract 
Thermal dissipation is a critical aspect for the performance and lifetime of electronic 
devices. In this work, novel composites based on a cycloaliphatic epoxy matrix and BN 
fillers, obtained by cationic curing of mixtures of 3,4-epoxy cyclohexylmethyl 3,4-
epoxy cyclohexane carboxylate (ECC) with several amounts of hexagonal boron nitride 
(BN) were prepared and characterized. As cationic initiator a commercial 
benzylanilinium salt was used, which by addition of triethanolamine (TEA), exhibited 
an excellent latent character and storage stability. The effect of the formulation 
composition was studied by calorimetry and rheological measurements. The variation 
of thermal conductivity, thermal stability, thermal expansion coefficient and 
thermomechanical and mechanical properties of the composites with the load of BN 
filler (ranging from 10 to 40 wt%) was evaluated. An improvement of an 800 % (1.04 
W/m·K) in thermal conductivity was reached in materials with glass transition 
temperatures higher than 200°C without any loss in electrical insulation. 
Keywords 
Cycloaliphatic epoxy resin; polymer composites; thermal conductivity; boron nitride; 
latency. 
1. Introduction 
The use of high frequencies in electronic devices, with a great electric current, 
leads to an increase in their temperature caused by the Joule effect. Limiting their 
work temperature favors their performance, lifetime and reliability and therefore the 
thermal management of these materials has become an important issue [1]. To 
dissipate the heat produced during their operation, thermal conductive materials are 
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required and, since many parts of the devices are usually coated or packaged with 
epoxy resins, which are thermal insulators, the increase in their thermal conductivity 
is of utmost importance [2]. Epoxy thermosets are widely used because of the 
versatility in their properties [3,4]. They are used in electrical and electronic 
applications because of their good compatibility with a large variety of materials, high 
electrical insulation and good thermal, corrosion and chemical resistance [5]. 
However, epoxy thermosets exhibit poor thermal conductivity, in the range 0.1 to 0.3 
W/m·K. The addition of thermal conductive but electrically insulating fillers to the 
resin is one of the easiest methods for effectively dissipating heat in such devices at 
the lowest price. In last years, many efforts and studies have been intended to 
increase the thermal conductivity of these resins [6-9]. 
Cycloaliphatic epoxy resins are preferred in electronic applications for their low 
viscosity, which permit to impregnate zones with small and abrupt morphology. They 
have excellent weathering and electrical performance with a low dielectric loss and 
high electrical resistivity, up to or above their glass transition temperatures, which 
provide high performance and reliability in both AC and DC circuitry. Their inherent 
low viscosity enables them to be formulated with higher levels of inorganic fillers, 
which enhances mechanical and electrical track resistance for electric materials. 
According to that, in the present study we have selected 3,4-epoxy cyclohexylmethyl 
3,4-epoxy cyclohexane carboxylate (ECC) as epoxy monomer. Cycloaliphatic epoxy 
resins are mainly cured with anhydrides, which show some drawbacks such as toxicity, 
sensitivity to humidity, yellowing, high viscosities or too short pot life that are serious 
problems for electronic applications that require high working temperatures [10]. As 
an alternative, cationic ring-opening polymerization was studied and developed 
intensively, since the stereoelectronic nature of the epoxy group lead to an extremely 
low reactivity towards common nucleophilic crosslinkers [11]. Among the cationic 
curing agents, amino complexes of BF3 can be used with a moderate latency at room 
temperature but the electrical properties of cured resins tend to deteriorate at high 
temperature and high humidity [12]. Lanthanide triflates were also proposed, but the 
Tgs of the cured materials were lower, although the enthalpy evolved during curing 
was higher [13]. Endo’s group has been one of the major contributors to the field of 
latent thermal initiators and they observed that the activity can be effectively 
controlled through the change of electronic and steric properties of the substituents 
and varying the nucleophilicity of the counteranion in onium salts [14,15]. Among 
thermal latent initiators, sulfonium, ammonium, phosphonium and hydrazinium salts 
were reported [11]. In the present study, a commercial anilinium salt, N-(4-
methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate [16], which to the best 
of authors’ knowledge had not been previously reported to be used to crosslink 
cycloaliphatic epoxy resins, was selected as initiator and modified with 
triethanolamine (TEA) to reach a high latency. Many latent systems already exist for 
cycloaliphatic epoxy resins [17,18] but generally, they are photochemically activated, 
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which limits their use to the preparation of thin coatings and present some drawbacks 
in the curing of shadowy parts.  
As filler, we selected hexagonal boron nitride (BN), which has gained great 
popularity in recent years in the field of high thermal conductivity. This is due to the 
combination of properties: high thermal conductivity in planar direction, good 
dielectric properties, low thermal expansion coefficient (CTE) and density below other 
kind of particles [19,20]. We recently studied similar curing processes based on a 
diglycildylether of bisphenol A (DGEBA) resin [7]. The low viscosity and the higher 
reactivity of cycloaliphatic epoxides towards cationic initiators, together with the 
compact structure, are expected to be advantageous to get highly crosslinked 
materials with high Tg and thermal conductivity. The mechanical and thermal 
properties of BN composites have been determined by thermogravimetric and 
thermomechanical analysis (TMA). Mechanical properties such as hardness or 
adhesion were also tested. Electrical resistivity and thermal conductivity were also 
measured. 
2. Materials and methods 
2.1. Materials 
ECC (ERL-421D, EEW=126.15 g/eq) was provided by Dow Chemical Company. 
Initiator CXC1612 from King Industries Inc., USA, which was determined to be N-(4-
methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate, was solubilised in 
propylene carbonate at 50 wt%. Propylene carbonate and TEA were provided by 
Sigma-Aldrich and purified by distillation. Platelets of h-BN were supplied by ESK 
Ceramics GmbH, TPC 006, with an average particle size of 6 µm in length (Fig. 1). 
 
Figure 1. ESEM micrographs of the BN particles used in the study. 
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2.2. Sample preparation 
The mixtures were prepared by mixing ECC with 1 phr (parts of initiator per 
hundred parts of resin) and 0.1 phr of TEA. For composite samples, the required 
amount of BN was added in wt% to the previous formulation. The mixtures were 
manually stirred until homogeneity (10 min) and degassed under vacuum to prevent 
the appearance of bubbles during the curing process. Finally, the samples were 
poured onto aluminium molds and cured following a multi-step temperature schedule 
at 100, 120, 150, 180 and 200 °C, with a dwelling time of 1 hour at each temperature. 
2.3. Characterization techniques 
A differential scanning calorimeter (DSC) Mettler DSC-821e calibrated using an 
In standard (heat flow calibration) and an In-Pb-Zn standard (T calibration) was used 
to study the cure. Samples of approx. 5-10 mg were tested in aluminum pans with a 
pierced lid in N2 atmosphere with a gas flow of 100 mL/min. The dynamic studies were 
performed between 30-250 °C with a heating rate of 10 °C/min. The reaction enthalpy 
(Δh) was integrated from the calorimetric heat flow signal (dh/dt) using a straight 
baseline, with the help of the STARe software. 
Rheometric measurements were carried out in a TA Instruments AR G2 
rheometer, equipped with electrical heated plates (EHP). Parallel plate geometry (25 
mm diameter disposable aluminum plates) was used. Complex viscosity (η*) and 
viscoelastic properties of the mixtures were recorded as function of angular frequency 
ω (rad/s) in the range of linear viscoelasticity, obtained from constant shear storage 
modulus (G’) in a strain sweep experiment at 1 Hz at 30 °C. 
The thermal stability of cured samples was determined using a Mettler 
thermogravimetric device (TGA)/SDTA 851e thermobalance under inert atmosphere 
(N2 at 100mL/min) and Mettler Toledo TGA/DSC 1 under air (synthetic air at 50 
mL/min). Pieces of cured samples of 10-15 mg were degraded between 30 and 600 °C 
at a heating rate of 10 °C/min. Dynamic mechanical thermal analyses (DMTA) were 
performed with a TA Instruments DMA Q800 analyser. Prismatic rectangular samples 
(15 x 6 x 2.3 mm3) were analyzed by three-point bending at a heating rate of 3 °C/min 
from 35 to 300 °C using a frequency of 1 Hz and oscillation of 0.1 % of sample 
deformation. The Young modulus (E) was determined at 30 °C as explained in a 
previous paper [7]. TMAs were carried out on a Mettler TMA40 thermomechanical 
analyzer. Cured samples (12 x 12 x 2.3 mm3) were supported by the clamp and one 
silica disc to distribute uniformly the force and heated at 5 °C/min from 35 to 150 °C 
by application of a force 0.01 N, a minimum force to avoid distortion of the results [7].  
Knoop microindentation hardness was measured as reported before with a 
Wilson Wolpert 401 MAV device following ASTM D1474-13 [7]. For each material a 
minimum of 20 determinations were made with a confidence level of 95%. Adhesion 
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tests of different mixtures on rectangular steel plates were done as previously 
reported [7] by tensile lap-shear strength of bonded assemblies using a Houndsfield 
H10KS universal test machine with 10 kN load cell, following ASTM D1002-10 method. 
At least seven samples were tested for each mixture. Surface fracture was examined 
with a FEI Quanta 600 environmental scanning electron microscope (ESEM) that 
allows collecting electron micrographs at 10-20kV and low vacuum mode of uncoated 
specimens with low electron conductivity. 
X-ray diffraction (XRD) measurements were made using a Siemens D5000 
diffractometer (Bragg-Bretano parafocusing geometry and vertical ϴ-ϴ goniometer) 
fitted with a curved graphite diffracted-beam Soller slits, a 0.06° receiving slit and 
scintillation counter as a detector. The angular 2ϴ diffraction range was between 5 
and 70°. The data were collected with an angular step of 0.05° at 3 s per step and 
sample rotation. Cukα radiation was obtained from a copper X-ray tube operated at 40 
kV and 30 mA. 
Volume resistivity of samples was measured on a Megohmmeter Burster 
model 24508 insulation tester at room temperature following ASTM D257-14 as 
reported before [7]. Pieces of 12 x 12 x 2.3 mm3 were essayed between two stainless 
steel electrodes with an area of 19.635 mm2 each one. The applied voltage to the 
thermosetting composites was 500 V during 1 min. Thermal conductivity was 
measured using the Transient Hot Bridge method by a THB 100 device from Linseis 
Messgeraete GmbH. A HTP G 9161 sensor was used with a 3 x 3 mm2 of area calibrated 
with polymethyl methacrylate (PMMA), borosilicate crown glass, marble, Ti-Al alloy 
and titanium. Two equal polished rectangular samples (12 x 12 x 2.3 mm3) were placed 
in each one of the faces of the sensor. Due to the small size of sensor, side effect can 
be neglected. A measuring time of 100 s with a current of 10 mA was applied to each 
of the five measures done for the different formulations. 
 
3. Results and discussion 
3.1. Optimization of the curing process of the neat and BN filled formulations 
Initiators play an important role in the curing of epoxies mainly for two reasons: 
they have a catalytic effect and decrease the activation energies accelerating the 
reaction, and give to thermosets specific properties. The choice of cationic initiators 
with low-nucleophilicity counter-anions can significantly enhance the reactivity of 
cationic curing systems [21]. In this study, we have selected as initiator the commercial 
compound, CXC1612, which by NMR spectroscopy was disclosed to be N-(4-
methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate [15]. However, this 
cationic curing system has not been reported so far in cycloaliphatic epoxies. 
To study the curing process of ECC with CXC1612, different amounts of initiator 
were tested, from 1 to 4 phr. Figure 2 shows the dynamic calorimetric curves for the 
formulations studied. The main data extracted from DSC are shown in Table 1.  
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The figure shows that on increasing the proportion of initiator the exotherm 
shifts at lower temperature because of the catalytic effect. The enthalpy released, 
given in Table 1, is similar for all the formulations in spite of the amount of initiator. It 
is worth noting that the curves are quite complex with two broad and partially 
overlapped exotherms probably due to the different polymerization mechanisms: 
activated monomer and activated chain end, which are competitive in cationic 
systems [22]. Moreover, the curing starts at low temperature, which can lead to a 
premature curing and too short pot life. 
Table 1. Calorimetric data from formulations with some proportions of initiator and TEA. 
Initiator (phr) TEA (phr) Tonseta (°C) Tpeakb (°C) Δhc (J/g) Δhc (kJ/ee) 
1 0 87 109 596 75 
2 0 83 107 571 72 
3 0 80 105 569 71 
4 0 77 103 599 76 
1 0.1 116 119 698 88 
1 0.2 125 129 541 68 
a Onset temperature of the exothermic curve. 
b Temperature of the maximum of the peak of the curing exotherm. 
c Enthalpy of the curing process by gram of mixture or by epoxy equivalent. 
 
Figure 2. DSC scans of ECC formulations with several proportions of initiator and amine. 
To reduce these drawbacks we added small proportions of TEA to the 
formulation, since it has been reported that it is an efficient inhibitor of low 
temperature polymerization in cationic systems [23]. The addition of TEA to 
formulations with 1 phr of initiator leads to curves with a sharp and narrow shape, 





















 1phr CXC1612 - 0,1phr TEA
 1phr CXC1612 - 0,2phr TEA
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starting a fast reaction at high temperature, which is characteristic of latent curing 
systems. Moreover, the addition of 0.1 phr of TEA produces an increase of the heat 
evolved during curing up to 88 kJ/ee, but a further increase of the amount of inhibitor, 
which act as a poison for the cationic curing, shifted the curing onset to higher 
temperatures but this delay in the curing process resulted in incomplete cure. 
Therefore, we selected as the best catalytic system the mixture of ECC with 1 phr of 
CXC1612 and 0.1 phr of TEA.  
Once selected the base formulation, we performed periodic DSC scans to 
evaluate the stability of the mixture stored at room temperature. The curves were 
almost overlapped confirming the excellent stability of the system. The mixture 
perfectly preserves the latent characteristic and has a minimal diminution of the 
temperature peak (see Table 2). After four months stored at room temperature, only 
a loss of 6% of the curing enthalpy was observed. The mixture also kept the same 
viscosity during this period, without any sign of polymerization. Then, it can be 
confirmed that this optimized curing system may be advantageous for industrial 
applications, since in addition to the instantaneous curing at the triggering 
temperature, the mixtures can be easily stored for long time without loss in their 
characteristics. 
Table 2. Calorimetric data of formulation after various times to be prepared. 
Time Tpeaka (°C) Δhb (J/g) Δhb (kJ/ee) 
First day 119 698 88 
1 week 118 691 87 
4 weeks 118 683 86 
6 weeks 117 675 85 
8 weeks 117 673 85 
12 weeks 117 670 84 
16 weeks 116 660 83 
a Temperature of the maximum of the peak of the curing exotherm. 
b Enthalpy of the curing process by gram of mixture or by epoxy equivalent. 
In order to improve the thermal conductivity and to evaluate the effect on the 
different characteristics of the composites, different percentages of BN were added 
to the epoxy formulation. The maximum proportion of BN added to the formulation 
was 40 wt%, since higher amounts of filler increased the viscosity of the formulation 
too much and generated big difficulties to prepare homogeneous mixtures. It should 
be commented that in the previous study, based on DGEBA resins, the maximum 
amount of BN added was only 20 wt% because of the higher viscosity of DGEBA resin. 
The curing evolution of the formulations was investigated by DSC, as shown in Figure 
3. 
It can be observed that on increasing the proportion of filler there is a decrease 
in the height of the exotherms, indicating a diminution in the curing rate. However, 
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the shape of the curves is similar, confirming that the latency is kept unaltered. The 
heat released decreases from 88 to 68-69 kJ/ee (see Table 3) on adding BN to the 
formulation but an increase in the proportion no longer affects the released enthalpy. 
Thus, from the point of view of the curing mechanism it can be stated that BN has an 
inert character in the cationic homopolymerization. Nevertheless, it affects the final 
curing degree achieved in dynamic DSC experiments, probably due to topological 
restrictions caused by the BN particles, which can hinder the growing of the polymer 
chain, leading to a decrease of the curing enthalpy. 
Table 3. Calorimetric data on varying the BN proportion in ECC formulation with 1 phr of initiator and 0.1 







Δhb   
(J/g) 
Δhb   
(kJ/ee) 
0 0 119 698 88 
10 5.6 119 488 69 
20 11.7 119 436 68 
30 18.9 119 378 68 
40 26.0 118 330 69 
a Temperature of the peak of the curing exotherm. 
b Enthalpy of the curing process by gram of mixture or by epoxy equivalent. 
 
Figure 3. DSC scans of formulations with several proportions of BN in wt%. 
3.2. Rheological study of the formulations 
Rheological analysis provides important information on the evolution of the 
structure and consequently, on the interaction between the filler and matrix. Viscosity 
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is the most important property affecting the applicability of encapsulation resins. For 
this reason, measurements of viscosity are essential for understanding the 
processability, to control and optimize process conditions and product performance 
[24]. Thus, the formulations were studied by performing oscillatory experiments to 
determine their viscoelastic response. 
To determine viscoelastic constants in this kind of mixtures we must firstly 
establish the linear viscoelastic region (LVR) or Newtonian range to work on it, which 
means a constant shear storage modulus (G’) in strain sweep experiment with the 
frequency fixed (1 Hz). Figure 4A shows how the LVR is shifted to lower strains when 
the filler content rises while neat epoxy formulation maintained a practically constant 
G’ in all the strain range tested, a Newtonian behavior as expected for the unfilled 
resin. Filled mixtures found a critical strain above which the structure starts to 
breakdown earlier when the amount of filler increases [25]. 
 
Figure 4. (A) Plot of log G’ versus log % strain in oscillatory experiments (1 Hz). (B) Plot of log η* versus log 
ω, both at 30 °C for all the uncured formulations studied. 
The complex viscosity |η*| of unfilled resin (Figure 4B) presents an almost 
constant value on varying the frequency, and a low frequency dependence for the 
mixture with 10 wt% of BN which could be considered as a dilute solution. However, 
upon adding 20 wt% of filler or more, the complex viscosity becomes more dependent 
on the applied frequency, resulting in a more pronounced low frequency shear 
thinning response typical of layered particles mixtures [26], indicating a significant 
change in their microstructure. The shear thinning is the decrease of viscosity with the 
angular frequency that is determined by the balance of hydrodynamic forces, which 
tends to align the particles with the flow, and rotary Brownian motion that tends to 
randomize the orientation [27]. It is worth to note, that the increase of |η*| exceeds 
more than four orders of magnitude on adding 40% wt of BN to the formulation.  In 
addition, an apparent increase of this value is observed in the dilute mixtures, when 
frequency exceeded a certain critical value, which is associated with the device inertia. 
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The significant change in the microstructure can also be evaluated by the study of 
storage modulus (G’) and loss modulus (G’’), which determine the elastic and viscous 
properties, respectively. Figure 5 shows how on increasing the BN content, the slope 
of G’ decreases transforming it to a nearly constant value, independent of the angular 
frequency, with the addition of 40 wt% of BN. 
 
Figure 5. Plots of G’ (filled) and G’’ (open symbols) against ω of uncured formulations at 30 °C. 
Also, the change in the liquid like behavior (G’<G’’) to solid like (G’>G’’) is 
observed. This change in the storage modulus at about 20% of BN, with a kind of 
plateau at low frequency, means that the filled mixture has reached the rheological 
percolation. Near the percolation threshold (the point in which a pathway of 
interconnected particles that extends throughout the network is formed) the theory 
predicts a power law ratio that can be used at a fixed low frequency to determine it 
[28,29]: 
𝐺′ ∝ (𝑚 −𝑚𝐶)
𝛽  (Eq. 1) 
where G’ is the storage modulus, m is the mass fraction of BN composites, mC 
is the mass fraction at rheological percolation and β is the critical exponent. This 
relation is often valid only on a very narrow concentration region [7]. The rheological 
percolation at 1 rad/s was calculated to be 14.4 wt % of BN and the critical exponent 
0.84. It should be commented, that the percolation of BN particles in DGEBA 
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3.3. Thermal and thermomechanical characterization of the BN composites 
The contribution of BN particles to the composite’s behaviour was evaluated 
through different techniques such as TGA, DMTA and TMA and compared with the 
neat epoxy matrix.  
TGA analyses under inert atmosphere showed an only degradation step (Fig. 
6A) and the most representative data are collected in Table 4. 
Table 4. Thermogravimetric data of thermosets with several BN contents in N2 atm. 
% BN (in weight) T2%a (°C) Tmaxb (°C) Char Yieldc (%) 
0 273 415 1 
10 298 417 13 
20 310 418 22 
30 315 419 31 
40 342 420 42 
a Temperature of 2% of weight loss. 
b Temperature of the maximum decomposition rate. 
c Char residue at 600 °C. 
 
Figure 6. (A) TGA plots of samples under N2 atmosphere and (B) under synthetic air. 
TGA analyses show a great increase of the temperature of 2% of weight loss on 
increasing the proportion of filler in the material, about 70 °C in reference to the neat 
epoxy on adding 40% of BN, indicating a stabilization effect caused by the increasing 
proportion of filler and possible filler-polymer chain interactions. Moreover, the 
temperature of maximum degradation rate is kept constant which indicates that the 
degradation mechanism is not affected by the presence of BN. It is worth mentioning 
that the char residues are in agreement with the percentages of BN in the composites, 
since the aliphatic nature of ECC leads to a scarce residue after the complete 
degradation. 
By DMTA analysis, we observed the effect of the particles in the mechanic 
behaviour of the cured materials and evaluated the glass transition temperatures of 
the composites, which could not be easily determined by DSC due to the high 
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crosslinking density of the network which minimise ΔCp. Figure 7A shows the 
evolution of storage modulus (E’) and Figure 7B shows the evolution of the loss factor 
tan  with temperature. It can be observed that the relaxation process takes place at 
high temperatures and this prevented us from determining the modulus after 
relaxation, since at 300 °C the materials were still relaxing but degradation would have 
already started. Table 5 collects the main parameters extracted from the 
thermomechanical study. 
 
Figure 7. (A) Storage modulus and (B) tan δ against temperature of the different materials prepared. 
Table 5. Thermomechanical data for the thermosets with different BN content. 
% BN (w/w) Young’s modulusa (GPa) T tan δb (°C) CTEc (10-6·K-1) 
0 2.4 227 115 
10 3.2 232 65 
20 4.1 237 66 
30 5.1 240 59 
40 6.5 254 55 
a Young’s modulus determined by DMTA at 30 °C using three point bending clamp. 
b Temperature of maximum of tan δ at 1 Hz. 
c Coefficient of thermal expansion in the vitreous state determined by TMA, between 50 and 75 °C. 
In Figure 7B and Table 5 it can be seen that the glass transition temperatures 
follow an increasing tendency on increasing the filler proportion until temperatures 
higher than 250 °C are reached, extremely large for this type of matrix with an ester 
group in the network structure, which may undergo β-elimination processes. Similar 
Tg values were found by Sangermano et al [30] with the same ECC photochemically 
cured but very different compared with samples obtained by cationic 
homopolymerization with lanthanide triflates, which were not higher than 150 °C [13]. 
The tan δ curves in Figure 7B are very broad indicating a slow relaxation process and 
have a low intensity indicating low homogeneity in the network structure due the high 
crosslinking density and to the inherent inhomogeneity caused by the ring-opening 
polymerization mechanism [3]. The shift of the tan  peak with increasing BN content 
indicates there is an interaction between the polymer matrix and the particles further 
reducing the mobility of the network structure. The increase of Young modulus, 
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although it was not the aim of the present study, reached a 160% of improvement 
thanks to the reinforcement role of the filler that will be beneficial for the material 
resistance and its durability. 
By TMA, CTE’s were measured to assess the dimensional stability of the 
materials. It can be seen that the addition of filler reduces by more than 50% this 
value, which could be favorable for the purposes required in electronic industry. These 
thermosets usually cover metallic or ceramic substrates with a lower CTE than the 
polymers and the smaller the difference between their coefficients, the lower internal 
stresses will be as the working temperature changes leading to a lower thermal fatigue 
[31]. 
3.4. Mechanical characterization and morphology  
Coatings applications for electronic devices require a high hardness to keep 
good appearance of the surface and the protective capacity. To evaluate the 
resistance against penetration by a static force, we performed microindentation tests. 
The results obtained using a Knoop microindenter are given in Table 6. It is observed 
that as the amount of BN increases, the hardness of the composite increases, reaching 
a maximum value of 26.6 KHN, more than twice the neat matrix.   
Table 6. Mechanical and electrical properties of the neat materials and composites 
% BN (w/w) KHNa τb (MPa) 
0 11.7 ± 0.58 2.34 ± 0.46 
10 15.3 ± 0.57 3.11 ± 0.47 
20 18.8 ± 0.76 7.58 ± 0.66 
30 22.0 ± 0.90 10.65 ± 0.89 
40 26.6 ± 1.03 9.96 ± 0.44 
a Knoop microindentation hardness. 
b Apparent lap-shear strength over steel surface. 
Adhesion is a complex property that depends on many different factors such 
as the properties of the coatings and substrates, interfacial interactions or 
environmental conditions. In addition, differences in CTE’s between substrate and 
coating can lead to the reduction of the adhesion, especially for epoxy cured at high 
temperature, since the final decrease of temperature after curing creates internal 
stresses that leads to the production of microcracks or warping. Table 6 shows the 
apparent shear strength values on steel surfaces for the different materials prepared 
with different BN content. It can be seen that the shear strength increases with the 
BN content until reached a maximum with the 30% of BN. The reduction of adherence 
with 40% of BN is related to the diminution of epoxy content. When comparing the 
observed trends of these properties with those previously reported in DGEBA 
composites, a different behaviour was observed, since the microhardness was only 
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slightly improved and the adhesion remained constant up to 15% of BN content and 
then decreased [7]. 
Fracture surfaces were examined by ESEM microscopy. In Figure 8 it can be 
clearly observed the phenomenon of the percolation in the transition from 10 to 20% 
of BN in the material, since the isolated particles in the 10% BN sample collapse in the 
20% BN composite. Moreover, in the transition from the neat material to the filled 
samples it can be seen that the fairly well defined fracture lines in the neat material 
are transformed into tortuous fracture cracks because of the plans of the BN particles 
deviate them, producing the consequent enhancement in toughness. 
 
Figure 8. ESEM micrographs of the fracture surfaces of materials at 800 magnifications. 
3.5. XRD Diffraction 
The XRD is a powerful technique to study the internal structure of materials 
and to determine the degree of crystallinity of semicrystalline polymers. Figure 9A 
shows the spectrum of the filler used in the study and the peaks correspond exactly 
to the hexagonal structure pattern of the BN in the database (01-073-2095 (A)). 
The composite with 40 wt. % (Fig. 9B) was also analyzed. All the peaks related 
to BN powder are maintained but they show a small widening due to the presence of 
resin. It is worth mentioning that a wide peak is observed around 17° of 2ϴ due to the 
amorphous structure of the polymer. 
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Figure 9. (A) XRD diffractogram of BN particles and (B) 40 wt. % composite. 
3.6. Thermal conductivity and electrical resistivity 
The main goal of this research was to improve thermal conductivity of a 
cycloaliphatic epoxy thermoset by the addition of BN without negatively affect the 
electrical insulation. Different materials with increasing BN content were investigated 
by thermal conductivity analysis. The values obtained are represented in Figure 10. As 
we can see, the thermal conductivity of the neat resin is highly improved with the 
increase of BN content. For the sample with 40 wt % of BN (26.0 % vol.) the thermal 
conductivity reaches 1.04 W/m·K, implying an increase of more than 800%. Chiang 
and Hsieh obtained similar values of thermal conductivity by using a cycloaliphatic-
anhydride system with 25.7% vol. of BN as filler [6]. In addition, a larger increase is 
observed once percolation is reached. In the previous study on DGEBA composites, a 
maximum value of 0.61 W/m·K was reached with a 20% wt of BN [7]. Therefore, our 
hypothesis that the lower viscosity of ECC allows to reach a higher thermal 
conductivity, because of the possibility to increase the BN % is confirmed. 
It should be mentioned, however, that in the literature it can be found 
references for similar BN contents that reach much higher conductivities [32, 33]. 
Differences in the curing procedure (using pressure for example), the size and shape 
of particles, their surface area, and so forth, play a very important role in the increase 
of thermal conductivity. 
Another important parameter in electronic fabrication is the electrical 
resistance of the thermoset, which quantify the opposition to the current flow. In 
Figure 10 the resistivity of each material, resulting of the appliance of 500 V during 
one minute to the samples, are represented. All the results obtained are over 108 Ω·m, 
enough for electronic industry and they do not depend on the content of BN as other 
authors have found for electrical conductivity [34]. 
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Figure 10. Thermal conductivity and electric resistivity of the materials prepared on varying the 
proportion of BN. 
4. Conclusions 
A new latent cationic curing system for ECC was optimized using 1 phr of a 
benzylammonium salt with 0.1 phr of TEA. This system allows the curing to proceed 
very quickly on reaching temperatures about 120 °C and the formulation can be stored 
for more than four months at room temperature without appreciable change. The 
addition of BN particles did not lead to any effect on the latency. 
Rheological studies allow monitoring the increasing viscosity of mixtures on 
raising the BN proportion. The percolation threshold was determined at 14.4 wt % of 
BN in the formulation. 
Glass transition temperatures, determined by DMTA, are higher than 200 °C 
and increased slightly with the BN proportion in the materials. Young moduli also 
shows a similar trend. CTEs decrease more than 50% on adding the filler, which is 
beneficial for the reduction of thermal stresses. 
Microindentation hardness and apparent shear strength increases with the 
proportion of BN, but adhesion presents a maximum value with a 30% of BN in the 
material. 
Electronic microscopy inspection allows confirming that the percolation 
occurred between 10 and 20% of BN content. A more tough fracture can be observed 
in the composites because of the higher tortuosity of crack propagation. 
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Thermal conductivities of composites were increased in an 800% with the 
addition of 40 wt % BN filler. According to all these results, the curing system and the 
materials obtained are very promising for thermal management application and 
electronic encapsulation. 
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Abstract 
 In this work, the effect of the addition of boron nitride (BN) fillers in a thiol-
cycloaliphatic epoxy formulation has been investigated. Calorimetric studies put into 
evidence that the kinetics of the curing has been scarcely affected and that the 
addition of particles does not affect the final structure of the network. Rheologic 
studies have shown the increase in the viscoelastic properties on adding the filler and 
allow the percolation threshold to be calculated, which was found to be 35.5%. The 
use of BN agglomerates of bigger size increases notably the viscosity of the 
formulation. Glass transition temperatures are not affected by the filler added, but 
Young’s modulus and hardness have been notably enhanced. Thermal conductivity of 
the composites prepared shows a linear increase with the proportion of BN particle 
sheets added, reaching a maximum of 0.97 W/K·m. The addition of 80 µm 
agglomerates, allowed to increase this value until 1.75 W/K·m. 
Keywords 
cycloaliphatic epoxy resin; composites; thermal conductivity; boron nitride; thiol-
epoxy 
1. Introduction 
Nowadays, electronic and electrical industries have an increasing need to 
dissipate the heat of devices, which is produced by the Joule effect. This leads to a 
continuous demand of thermal conductive coatings and adhesives, with high electrical 
insulation capability. This demand is originated by the constant miniaturization, 
integration and functionalization of electronics and the appearance of new 
applications such as flexible electronics, light emitting diodes, etc. In this sense, heat 
management is of special interest in electronic components since they can be 
deserved for greater power output, improved efficiency and lengthening of half-life 
time and prevention of premature failures of devices [1]. These kind of thermally 
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conductive polymers finds also usage in other applications like aerospace industry, 
heat exchangers and corrosion-resistant coatings and therefore the research in these 
materials is in constant development [2].  
Thermal energy is defined by the existence of microscopic vibrations of 
particles. The temperature, describing the state of a body, is a physical property 
quantifying those microscopic thermal vibrations of the particles. Heat is directly 
related to the thermal conductivity (TC) and has been defined as the thermal energy 
transfer from a specific point to its surroundings due to the temperature gradient [3]. 
Thus, temperature is produced by particles vibration and heat evaluates how much of 
this energy is transferred, how fast and in what direction. 
Although epoxy resins are extremely valuable materials in coatings and 
adhesion applications, thermal conductivity of these polymer resins is in the low range 
from 0.1 to 0.3 W/m·K. The addition of inorganic filler particles into the epoxy material 
can significantly improve the TC and can also affect the mechanical properties of the 
composite. However, this constitutes the easiest way to reach the aimed technological 
goals such as heat dissipation [4–6]. Among inorganic fillers, hexagonal boron nitride 
(BN) is structurally analogous to graphite and has similar thermal conductivity [7,8]. 
However, for potential electric/electronic applications, BN composites have several 
advantages over those based on graphene, because of BN is a non-electrically 
conductor [9].  
It has been reported that the filler type, loading level, filler size, and filler shape 
have a strong influence on the thermal conductivity of polymer composites. Creating 
a continuous filler network is the key point to reach high TC in composite structures. 
Network formation usually takes place at high filler loading levels and it is related to 
the percolation threshold that can be calculated by rheological measurements. It 
should be noticed that a too high filler content worsens the processability and 
mechanical properties and increase unnecessarily costs and densities.  
The interaction between filler and polymer matrix is also important in terms of 
TC enhancement [10]. Phonons are the responsible of heat transmission in amorphous 
polymers. Because of the mismatches between BN surfaces and the polymer, the 
interface will result in phonon scattering and hinder the heat transfer. Therefore, 
improving polymer-filler interfacial interaction can increase the overall composite TC 
substantially [11]. Several authors reported the modification of BN nanosheets 
[12,13]. Hexagonal BN particles have a smooth plate-like shape with no available 
surface functional groups for chemical bonding, but BN particles have hydroxyl and 
amino groups at the edge planes. Using a simple sol–gel process by reaction with a 
functional silane compound a higher adhesion between particles and polymeric matrix 
can be reached with a notable enhancement in TC [13,14]. 
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Recently, Hutchinson et al. [15] reported a notable increase in TC in thiol-epoxy 
materials filled with BN, without the need of functionalization of the particles. In fact, 
the thermal conductivities of thiol-epoxy materials were superior to those of the 
epoxy cured with Jeffamine, which was attributed to a better interface interaction 
between particles and matrix. They also reported that the increase in TC with filler 
content was also quicker in thiol-epoxy systems, although high proportions of filler 
could not be investigated because of the bad workability of the mixture caused by the 
high viscosity. 
Taking into account the improvement in TC of thiol-epoxy materials and the 
need of a low viscosity of the reactive mixture, we proposed in the present work the 
use of a cycloaliphatic epoxy resin (ECC) with a commercial tetrathiol (PETMP) as the 
starting reactive mixture, filled with different proportions of BN filler. The curing of 
cycloaliphatic resin with thiols in the presence of a tertiary amine, acting as a base, 
has been previously developed in our research group [16]. The reactive mixture has a 
low viscosity, which allows adding a high content of BN to the formulations and the 
materials obtained have a good transparency. As demonstrated in previous 
publications, this curing system is very versatile since the curing rate and properties 
of the materials can be tailored by changing the type of amine and the epoxy and thiol 
structures, respectively [17,18]. Moreover, the polycondensation type polymerization 
mechanism allows the preparation of more homogeneous networks than those 
obtained by cationic polyetherification of cycloaliphatic epoxy resins [19]. In that 
work, the low viscosity of the cycloaliphatic epoxy resin allowed us to reach a 800% of 
TC enhancement by adding a 40% of unmodified BN as the filler. 
Gaska et al. [4] reported that larger particle sizes as agglomerates can lead to 
higher TC values, according to that, we also try in the present work to improve thermal 
conductivity by increasing the size of the BN particles. However, the addition of larger 
particles can negatively affect other properties, like the mechanical performance or 
viscosity of the formulation.  
The effect of the BN content and the increase in the size of the BN particles on 
the curing kinetics, viscosities, rheological behavior and gelation phenomena is 
reported in the present paper together with the thermal and mechanical 
characterization of the composites obtained. 
2. Materials and Methods 
2.1. Materials 
3,4-Epoxy cyclohexylmethyl 3,4-epoxycyclohexane carboxylate (ECC) (ERL-
421D, EEW=126.15 g/epoxy eq) was provided by Dow Chemical Company (Midland, 
MI, USA). 4-(N,N-dimethylamino)pyridine (DMAP) was used as initiator, grinded 
before use and provided by Fluka Analytical (Neu-Ulm, Germany). Pentaerythritol 
tetrakis (3-mercaptopropionate) (PETMP) (ETW=122.165 g/thioleq) was purchased by 
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Sigma-Aldrich (Darmstadt, Germany) and used without further purification. Platelets 
of hexagonal boron nitride (BN) were supplied by ESK Ceramics GmbH (Kempten, 
Germany), TPC 006, with an average particle size of 6 µm and an agglomerate of 80 
µm average, PCTL5MHF, was supplied by Saint-Gobain (Valley Forge, PA, USA) and 
both were used as received. 
2.2.Sample Preparation 
The neat mixture was prepared by mixing stoichiometric proportions of ECC 
and PETMP and adding 1 phr (parts per hundred of resin) of initiator. For composite 
samples, the required amount of BN was added in wt. % to the neat formulation 
before curing. The mixtures were mechanically stirred until homogeneity was 
reached. Finally, the samples were poured onto aluminum molds and cured at 120 °C 
during 1h, followed by a post-curing at 150 °C for another 1h and a final step at 200 
°C for half an hour. 
2.3. Characterization Techniques 
To analyze the curing evolution of the epoxy system, a differential scanning 
calorimeter (DSC) Mettler DSC-821e (Mettler Toledo, Columbus, OH, USA) was used. 
The device was calibrated using an indium standard (heat flow calibration) and an 
indium-lead-zinc standard (temperature calibration). Samples of about 5–10 mg were 
essayed in aluminum pans with a pierced lid in N2 atmosphere with a gas flow of 100 
mL/min. The scans were performed in the temperature range of 30 to 250 °C with a 
heating rate of 10 K/min. Curing enthalpies (Δh) of the different samples were 
calculated by integration of the calorimetric signal. Glass transition temperatures (Tg) 
of cured samples were evaluated by a second scan as the temperature of the half-way 
point of the jump in the heat capacity curve. The estimated error was considered to 
be ±1 °C. 
Thermal stability of neat and composite materials was evaluated by 
thermogravimetric analysis (TGA), using a Mettler-Toledo TGA/DSC 1 Star system 
(Mettler Toledo). Experiments were performed under N2 atmosphere (flux 50 
mL/min). Pieces of cured samples of 5–10 mg were degraded between 30 and 600 °C 
at a heating rate of 10 K/min. 
Dynamic mechanical thermal analyses (DMTA) were performed by employing 
a TA Instruments DMA Q800 device (TA Instruments, New Castle, DE, USA). Samples 
were isothermally cured in an aluminum mold at120 °C for 1 h, then at150 °C for 1 h 
and finally post-curing at 200 °C for 30 min. Prismatic rectangular samples (15 × 5.0 × 
2.3 mm3) were tested in 3-point bending mode at a heating rate of 3 K/min in the 
temperature range from 35 to 125 °C, with a frequency of 1 Hz and oscillation 
amplitude of 0.1% of sample deformation. The Young’s moduli (E) were determined 
at 30 °C by using a force ramp at a constant rate, 1 N/min, never exceeding 0.25% of 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 
Isaac Isarn Garcia 
 
Polymers 2018, 10, 277-292 
117 
 
deformation to be sure that only elasticity was evaluated. The slope between 0.1% 
and 0.2% of deformation was taken. E was calculated from the slope of the load 





where E is the elastic modulus of the sample (MPa), L is the support span (mm), b and 
t are the width and the thickness, respectively, of the sample tested (mm) and m is 
the gradient of the slope in the linear region (N/mm). 
Thermomechanical analyses (TMA) were performed on a Mettler TMA40 
thermomechanical device (Mettler Toledo). Thermosetting samples (9 × 9 × 2.3 mm3) 
were supported by the clamp and one silica disc to uniformly distribute the force and 
heated at 5 °C/min from 32 up to 120 °C by application of a minimum force of 0.01N, 
to not distort the results. Two heating scans were performed, being the first to erase 
the thermal history and the second to determine the thermal expansion coefficients 
















  (2) 
where L is the sample thickness, L0the initial length, t the time, T the temperature and 
dT/dt the heating rate. 
Surface fractures were examined by using a FEI Quanta 600 environmental 
scanning electron microscope (ESEM, FEI Company, Hillsboro, OR, USA) that allows 
collecting electron micrographs at 20kV and low vacuum mode of uncoated specimens 
with low electron conductivity. A working distance (WD) of ca. 10 mm was used.  
Microindentation Knoop hardness was evaluated by using a Wilson Wolpert 
401 MAV apparatus according to ASTM D1474-13 (Wolpert Wilson Instruments, 
Aachen, Germany). A minimum of 20 determinations were made for each material 
with a confidence level of 95%. The Knoop microindentation hardness (KHN) was 








where L is the load applied to the indenter (0.025 Kg), AP is the projected area of 
indentation in mm2, CP is the indenter constant (7.028 × 10−2) relating l2 to AP. 
Rheometric experiments were done in parallel aluminum plates (geometry of 
25 mm Ø) mode by using a TA AR G2 rheometer (TA Instruments, New Castle, DE, 
USA), with electrical heated plates (EHP). Viscoelastic characteristics, G′ (shear elastic 
modulus) and G″ (viscous modulus), were determined with a constant deformation in 
the linear viscoelasticity range for each formulation, obtained from constant G′ in a 
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strain sweep experiment at 1 Hz, at 30 °C. The curing was followed at 85 °C to 
determine gel point and conversion at gelation. Gel time was taken as the point where 
tan δ is independent of frequency [20]. The conversion at the gelation (xgel) was 
determined by stopping the rheology experiment when gelation occurred and the 
sample was quenched in liquidN2.Then, the remaining enthalpy was evaluated by a 
dynamic DSC experiment at 10 K/min. The degree of conversion in the gelation was 
calculated according to the following equation: 
𝑥𝑔𝑒𝑙 = 1 −
𝛥ℎ𝑔
𝛥ℎ𝑇
  (5) 
where Δhg is the heat released up of gelled samples, obtained by integration of the 
calorimetric curve, and ΔhT is the heat associated with the complete curing.  
The volumetric content of BN of the different materials prepared was 
calculated taking into account the densities of the composites determined by means 
of a liquid pycnometer. The densities of pure BN were taken from the data sheet 
published by the commercial source company. 
Thermal conductivity was determined using the Transient Hot Bridge method 
by a THB 100 device from Linseis Messgeräte GmbH (Selb, Germany). A HTP G 9161 
sensorwith a 3 × 3 mm2 of area was used. The sensor was calibrated with 
poly(methylmethacrylate) (PMMA), borosilicate crown glass, marble, Ti-Al alloy and 
titanium. Two equal rectangular samples, perfectly polished, with size of 12 × 12 × 2.3 
mm3 were placed at both faces of the sensor. Because of the small size of sensor, the 
side effects can be neglected. Measuring times of 100 s with a current of 10 mA were 
applied. Five measures were taken for each material. 
3. Results and Discussion 
3.1.Study of the Curing Process 
Our research team reported for the first time the thermal curing of 
biscycloaliphatic epoxy compounds by thiols in the presence of tertiary amines to form 
new thiol-epoxy thermosets [16]. In our previous publication, we showed that among 
other tertiary amine catalysts, DMAP was the most suitable to reach the controlled 
curing of those stoichiometric systems by this thiol-epoxy click reaction. In 
diglycidylether of Bisphenol A (DGEBA) resins, Hutchinson et al. [15] observed that the 
reaction kinetics of a thiol-epoxy system was affected by the amount of BN filler added 
to the formulation, showing an unexpected trend, firstly increasing the curing rate and 
then retarding it as the filler content increases, without affecting the final cured epoxy 
network structure. The variations in the reaction kinetics were attributed to an 
improvement of the interface forces between particles and matrix as a consequence 
of a Lewis acid-base interaction which finally led to a notable enhancement in the 
thermal conductivity [15]. 
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The lower viscosity of cycloaliphatic epoxies in front of DGEBA resins opens the 
possibility to increase the BN content in the formulation and that led us to start the 
study of a new BN-filled thiol epoxy system. In this study, we have used 1 phr of DMAP 
in a stoichiometric formulation of ECC/PETMP with different amounts of BN (10–40 
wt. %) of 6 µm average. With the aim to corroborate that the size of the particles plays 
an important role in the TC we have also prepared a composite with greater particles 
of BN (80 µm agglomerates). In Scheme 1 the chemical structures of the monomers 
selected and the network formed are represented. 
 
Scheme 1. Chemical structures of the monomers used and the network formed during the curing process. 
 
Figure 1. DSC curves showing the effect of the addition of different proportions of BN in wt. % to the 
formulation. 
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As we can see, on increasing the proportion of BN in the formulation no much 
effect is observed, only a slight shift of the maximum of the curing exotherm to lower 
temperatures and a decrease in the height of the curve, indicating a reduction in the 
curing rate of the system. However, the addition of the filler with bigger particle size 
provokes a greater effect, since a displacement of the maximum of the exotherm of 7 
°C in reference to the formulation with the same proportion of 6 µm BN is clearly 
detected. In previous studies of our group in the preparation of BN composites by the 
cationic homopolymerization of epoxy resins [19,21] we observed much variation in 
the kinetics of DGEBA matrices than in ECC. As reported, the addition of BN to thiol-
DGEBA resins led also to kinetics influence [15]. All these results seem to suggest that 
DGEBA resin systems are likely to interact better with BN. From the values of the table, 
it can be seen that the addition of particles does not affect the final structure of the 
network. This is explained, because of the heat evolved during the dynamic 
calorimetric scans and the glass transition temperatures (Tg) determined remain 
practically constant for all the formulations, with a slight decrease in the enthalpy 
released at the highest proportion of BN, probably due to topological restrictions in 
curing. 
Table 1. Calorimetric data of formulations ECC/PETMP with several proportions of BN. 
BN (wt. %) Tmaxa (°C) Δhb (J/g) Δhb (kJ/ee) Tgc (°C) 
0 127 479 120 58 
10 126 436 121 58 
20 126 376 118 57 
30 125 337 121 57 
40 124 272 114 57 
40 (80 µm) 131 276 116 58 
a Temperature of the maximum of the curing exotherm. 
b Enthalpy of the curing process by gram of mixture or by epoxy equivalent.  
c Glass transition temperature determined by the second scan by DSC after a dynamic curing. 
3.2. Rheological Study of the BN Formulations 
Any material that cannot be classified as purely elastic or as viscous has a 
viscoelastic behavior. Polymeric systems, especially those with two or more 
components, do not obey the Newton’s law of viscosity and present different 
phenomena since they are considered structured fluids. The design of many industrial 
processing operations requires taking into account several of these phenomena [22], 
since their behaviour is generally dictated by the interactions among the components. 
The study of filled uncured formulations is recommended to be done by 
oscillatory experiments and must be performed in the material’s linearity region (LVR) 
to determine the viscoelastic properties. Thus, a good initial step is to measure the 
storage and loss moduli (G′, G″) dependence with the strain amplitude. Figure 2 
represents G′ (more sensitive than G″) versus percentage of strain applied at 30 °C for 
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mixtures without base catalyst to prevent any reaction. It can be observed how the 
unfilled formulation presents an almost constant storage modulus in all the strain 
range tested, which means that it has a Newtonian behavior. With the increasing filler 
content, the Newtonian plateau is shifted to lower strains and became shorter as 
observed in previous studies [19,21]. However, there is a significant difference at high 
deformations in the more filled formulations when comparing with these previous 
studies: it is an increase of the G′ with a shoulder shape. Some materials show this 
behavior due to structure reorganization as the result of the applied deformation, as 
reported by Laun in polystyrene-ethylacrylate latex particles in water [23]. In our case, 
the fact that the only difference is the presence of thiol monomer in the mixture, could 
mean that there was an interaction of thiols with the BN particles. In contrast, the 
agglomerates only present the typical shear thinning of systems loaded with particles, 
almost in the frequency range tested, and the plateau is moved even to lower strain. 
According to the results, the strain was fixed in the LVR for each mixture to perform 
the oscillatory sweep tests, measuring parameters as function of frequency (ω).  
 
Figure 2. Plot of log G′ versus log % strain in oscillatory experiment (1 Hz) of uncured formulations.  
To reach good thermal conductivities and to go deeply in the knowledge of our filled 
system it is interesting to determine the viscoelastic percolation threshold. Percolation 
is the point in which the particles contact and create a network structure, and the 
percolation threshold is the minimum filler content in the matrix that produces this 
network. At this filler percentage a notable change in thermal conductivities and some 
other properties, can be in principle being observed. To determine this value we have 
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frequency (Figure 3) for all the mixtures studied. We have also included two new 
mixtures (35 and 38 wt. %) to determine the percolation value more accurately. 
 
Figure 3. Plots of G′ (filled symbols) and G″ (open symbols) against ω for all the formulations at 30 °C. 
First, it can be seen in the figure that the effect of BN particles in the mixture 
on G′ and G″ is not significant at high frequencies (Rouse dynamic region). However, 
in the region related to reptation dynamics, at low frequencies, the effect is quite 
important [24]. Moreover, how it was expected, unfilled resin greatly follows the 
linear viscoelastic rule [25] (G′∝ω2 and G″∝ω1) at low frequencies, but with the 
increasing content of BN, the slopes continuously decline until the maximum 
concentration of filler added (40 wt. %), where G′ is practically constant on varying the 
frequency which means that percolation threshold is overpassed. 
Above the percolation threshold, the point at which an interconnected 
network of particles through the whole material is formed, the behavior of the 
mixtures should obey the scaling law relation at a fixed frequency, that can be used to 
determine the rheological percolation [26,22]: 
𝐺′ ∝ (𝑚 −𝑚𝑐)
𝛽  (5) 
where G′ is the storage modulus, m is the mass fraction of BN composites, mc is the 
mass fraction at the rheological percolation and β is the critical exponent. The 
threshold was calculated to be 35.5 wt. % and the critical exponent 2.4 at 1 rad/s.  
It is worth noting that the BN percentage in the percolation threshold is much 
higher in this system than in the previous study based on BN composites with 
cationically homopolymerized epoxy matrices (14.4% for ECC and 6.9% for DGEBA) 
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[19,21]. For this reason, two stablished criteria were utilized to confirm the proportion 
of BN at the percolation calculated previously. 
Numerous studies take as valid the criterium for percolation of G′~ω0.5 in the 
terminal region in small amplitude oscillatory shear (SAOS) experiments [24,27–28]. 
The slope in G′ versus frequency reach a value of 0.5 between formulations with a 
filler content of 35% and 38% (see Table 2), agreeing this range with the previous 
calculations.  
Finally, the second criterium employed is an interpretation of Rouse-like 
behavior: at percolation G′ and G″ at low frequencies become equal (see Figure 3) 
[24]. Then, the rheological response at the percolation threshold must show the 
transition from liquid-like behavior (G″>G′) to a solid-like behavior (G′>G″). This 
change is also observed in Figure 3 between the formulations with 35 and 38 wt. % of 
BN. 
Table 2. Rheological fitting results at 30 °C and gelation data from rheometric monitoring of the 
curing of the formulations at 85 °C. 









0 1.81 1.02 16.3 59 
10 1.77 1.06 17.8 62 
20 1.34 0.99 18.3 60 
30 0.62 0.84 18.4 55 
35 0.57 0.66 - - 
38 0.36 0.27 - - 
40 0.22 0.24 19.5 55 
40 (80 µm) 0.11 0.08 - - 
a Slopes of viscoelastic properties at low frequencies (potential functions in log-log diagrams).  
b Gel time determined from the frequency independent crossover of tan δ. 
c Determined as the conversion reached by rheometry and DSC test at 10 °C/min. 
Comparing the rheological behavior of these systems with those previously 
reported, it is possible to predict a better application as a coating with the same filler 
loading. 
From a practical point of view, it is quite important to know about the gelation 
phenomenon produced during curing. Gelation occurs when soluble reactants are 
irreversibly transformed into a three dimensional, infusible and insoluble network. At 
this point, the system loses its ability to flow and therefore it must be avoided during 
industrial processing before the shaping of the final material. The polycondensation 
mechanism in the present thiol-epoxy system must obey the Flory equation and the 
conversion in the gelation should depend only on the functionality of the monomeric 
compounds involved in the curing process. Thus, large differences are not expected if 
BN particles do not play a role in the network formation (although they can be reactive 
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by the presence of reactive groups in the edges of BN sheets). Table 2 shows the data 
obtained from the gelation studies by rheological measurements at 85 °C. Since filler 
contents of 35% and 38% were only added to calculate percolation thresholds, the 
gelation data of these formulations have not been evaluated. 
As we can see, there is an increasing trend, although small, in gelation time on 
increasing the BN proportion. This behavior contrasts with the observed in previous 
studies on polymeric systems with particle additions [21,29]. This delay to reach the 
gelation could be attributed to the steric hindrance caused by the BN particles in the 
formation of the three-dimensional network structure. Moreover, as expected, the 
conversions at the gelation are kept practically constant for all the mixtures, which 
confirms that BN particles only act as filler and that the ending groups in the edges of 
the BN sheets does not participate in the curing. The results obtained in the gelation 
studies are interesting from the point of view of the application, since the addition of 
particles allows increasing the pot life of the reactive mixture and does not reduce the 
conversion at the gelation, in contrast with the results reported in our previous study 
[21]. In the previous work, the cationic ring-opening homopolymerization mechanism 
of curing led to a reduction in the conversion at the gelation and to a shorter gelation 
time. It is important to note that after gelation the material loses its mobility and 
stresses and small defects could appear because of the shrinkage produced. These 
problems will be reduced when gelation occurs at higher conversion. The gel point of 
formulation prepared with 80 µm agglomerates was not evaluated by this technique 
because of the lack of comparison with other proportions. 
3.3. Thermal and Mechanical Characterization of BN Composites 
Thermogravimetric analysis is the most powerful tool to characterize the 
thermal stability of the polymeric materials once cured. Figure 4 represents the 
degradation curves under inert atmosphere. 
 
Figure 4. Degradation curves of thermosets obtained by TGA under inert atmosphere at 10 K/min. 
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All the curves show a similar shape, only differentiated in the final residue that 
results in accordance with the quantity of filler added and a slight increase of the 
temperature of maximum degradation rate on increasing the BN content in the 
material (see Table 3). Thus, it can be considered that the degradation mechanism is 
not affected by the presence of BN, since the network structure of the matrix does 
not change. In the curves, it can be observed two degradation steps because of the 
presence of ester groups, both in PETMP and in ECC. The lowest temperature 
degradation step is related to the decomposition of these ester groups by a β-
elimination process that leads to the breakage of the network structure at lower 
temperatures, and the second one to the scission of the other bonds that occurs 
simultaneously. It was found in a previous study that the addition of BN to a 
homopolymerized DGEBA matrix did not significantly affect the thermal stability of 
composites [21] but in contrast, the temperature of initial degradation suffered an 
increase of 70 °C on adding a 40% of BN to the cationic homopolymerized ECC matrix 
[19]. The change in the particle size does not produce great significant changes in the 
thermal stability behavior of the composites, but only a slight enhancement in the 
initial degradation temperature and char yield. 
Table 3. Thermal data of composites extracted from TGA and TMA analysis. 











0 0 249 5.0 69 195 
10 6.0 250 14.4 68 192 
20 12.8 249 24.0 66 166 
30 20.2 250 34.2 67 157 
40 28.2 252 43.0 55 134 
40 (80 µm) 27.4 259 44.7 43 135 
a Temperature of 2% weight loss determined by TGA in N2 at 10 °C/min. 
b Char residue at 600 °C. 
c Thermal expansion coefficient in the glassy state determined between 38–52 °C and in the rubbery state 
between 70–90 °C. 
Dimensional stability is an important issue when epoxy resins are applied as 
coatings on any surface, usually metals or ceramics, with a CTE lower than polymers. 
Oscillating temperature changes can produce premature failures such as separation, 
blistering, delamination, etc., because of the internal stresses produced by the 
disparity in their thermal expansion coefficients. To reduce that difference will be 
beneficial for coating materials to prevent failures and it is known that the addition of 
BN ceramic particles must positively affect this characteristic [30]. Table 3 presents 
the CTE values obtained by TMA in the vitreous and in the rubbery state. In the glassy 
state, there is not a significant change until the value reached for the sample with a 
30% BN with a great reduction at 40%, which is the maximum concentration achieved 
in the composite. This important reduction in CTE between 30 and 40 wt. % of BN 
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could be related to the percolation achieved between these proportions that could 
lead to a restricted expansion. It has been reported [31] that filler size is an important 
factor influencing the CTE of composites and that small particles can function 
effectively to lower the CTE of composites. However, the contrary effect was observed 
in the present study and the lower CTE was obtained by adding 80 m BN 
agglomerates. In the rubbery state, where the matrix is completely relaxed, the 
diminution is significant above 20 wt. %. Contrary to what observed in the glassy state, 
there is no difference with the use of bigger agglomerates. 
Thermomechanical analysis was performed with DMTA. The filler play the role 
of matrix reinforcement conferring to material better mechanical performance. Table 
4 reports the most important information extracted from the study. 
Table 4. Thermomechanical data of composites varying BN concentration. 










0 2.3 75 6.9 1.37 13.7 
10 2.4 74 10.4 1.28 14.6 
20 3.6 73 19.6 1.27 14.8 
30 4.5 73 31.9 1.13 16.0 
40 5.6 74 61.2 0.90 16.8 
40 (80 µm) 4.0 71 78.5 0.88 19.3 
a Young’s modulus determined with DMTA at 30 °C in a controlled force experiment using three point 
bending clamp.  
b Temperature of maximum of the tan δ peak at 1 Hz. 
c Relaxed modulus determined at the Ttan δ+ 40 °C (in the rubbery state. 
d Area of tan δ peak between 40 and 120 °C. 
e FWHM stands for full width at half maximum. 
As we can see, Young’s modulus gradually increases with the proportion of 
particles added. The composite with 40 wt. % of BN shows an improvement higher 
than 140% in rigidity compared to unfilled material. This is thanks to the anisotropic 
shape of the BN sheets and to the larger specific surface of these particles. As 
opposed, the spherical shape of the agglomerates leads to a different behavior when 
they act as reinforcement. Thus, with agglomerates, the enhancement in Young’s 
modulus is about 74% compared with the neat resin. 
Figure 5A shows the variation in the storage modulus with the temperature for 
the different filler proportions. As we can see, E’ is closely related with the filler 
content because the applied stress is transferred from the polymeric matrix to the BN 
particles, that have an inherent high modulus. Moreover, the storage modulus in the 
rubbery state reaches a higher value in the composite obtained with the big 
agglomerates. This is because in the rubber state, the movement of larger particles is 
restricted by the other adjacent, while small particles have more freedom of 
movement and therefore, the material is softer and more deformable. 
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Figure 5. Variation of storage modulus (A) and tan δ (B) against temperature of the different materials 
prepared. 
In the representation of tan δ against temperature shown in Figure 5B we can 
see that all the composites filled with BN sheets have a quite similar shape and a 
similar temperature of the maximum (see Table 4) and no much differences were 
observed in the curves obtained with the composite with agglomerates. The fact that 
tan δ peak temperatures are not affected by the BN content seems to confirm that no 
important interactions between filler and matrix exist. This behavior is contrary to that 
observed previously by us for homopolymerized ECC matrices [19], with enhancement 
in tan δ values of more than 25 °C. The area of the tan δ peak, which can be associated 
to the damping characteristics, is decreasing with the increasing amount of filler 
according to the lower polymer content that can be relaxed. The peak broadens on 
increasing the BN content, which can be related to the increasing inhomogeneity of 
the material. 
Since hardness is a desired property for resistance and durability of coatings 
we have rated how the addition of BN to the neat material affects it. In Figure 6 the 
Knoop hardness has been represented for all the materials prepared. The increase of 
BN proportion in the composite leads to an increasing tendency of this characteristic 
and the maximum is achieved at 40% of BN content. As occurs in the Young’s modulus 
behavior the addition of agglomerate particles of BN worsens hardness 
characteristics, due to their big size and less surface of interaction that leads to a 
smaller reinforcement effect. When comparing these materials to the ones based on 
homopolymerized ECC (from 11.7 to 26.6), we can see that the reaction with thiols 
reduced hardness characteristics, because of their flexibility and to the more open 
network structure formed. Moreover, the increase in hardness with the proportion of 
BN is much lower in thiol-epoxy materials (50% in front of 150% at 40 wt. % of BN 
content) [19]. 
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Figure 6. Dependence of the microindentation hardness of ECC/thiol thermosets with different weight 
percentages of BN. 
3.4.Morphology Inspection of BN Composites 
Fracture surfaces were analyzed by ESEM, and the most representative 
micrographs are collected in Figure 7. Neat polymer has not-linear rupture trajectories 
with thicker breaks and river-like cracks that accounts for a plastic rupture. On 
increasing the amount of BN in the formulation, the rupture lines become shorter and 
more complex due to the action of BN particles that leads to start new paths of 
breakage. This variation should produce an increase in resilience, the energy absorbed 
in an impact. If we look at the micrograph of the sample with 10% of BN we can state 
that it presents a fairly good homogeneity of particle distribution. On increasing the 
amount of BN the distribution remains homogeneous, but the sample with 40% of BN 
seems to present a more fragile rupture, that agrees with the percolation achieved in 
the BN network. As we can see in the corresponding micrograph, the addition of a 
40% BN agglomerates leads to a quite inhomogeneous material with a fragile fracture 
due to the presence of bigger and smaller particles and agglomerates and low 
adhesion between both organic and inorganic phases. 
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Figure 7. ESEM micrographs of fracture surfaces of the materials prepared at 800 magnifications. 
3.5. Thermal Conductivity of BN Composites 
The final goal of this study is to increase thermal conductivities of thiol-epoxy 
matrices by addition of BN. Thus, the thermal conductivity of the thermosets prepared 
has been measured and the values are represented in Figure 8. 
As we can see, there is a regular improvement in the thermal conductivities 
with the proportion of BN and at the proportion of 40% an increase of about 400 % 
has been reached. This value of thermal conductivity (0.97 W/K·m) is close to that 
determined for homopolymerized ECC resins with the same proportion of BN (1.04 
W/K·m) [19]. The difference can be attributed to the different particle-matrix 
interaction in both materials, better in homopolymerized ECC according to the 
participation of hydroxyl end-groups in the BN in the homopolymerization 
mechanism.  
The conductivities measured in this study do not reach the values obtained by 
Hutchinson et al. [15] in DGEBA-thiol systems, which are higher than 2 W/K·m using 
the same type of BN as filler. However, the values obtained in the present study are 
similar or even higher than some reported in the literature [13,32–34].  
It is worth noting that the addition of bigger agglomerate particles has led to a 
notable improvement in this characteristic and the value of 1.75 W/K·m (775% 
increase) has been reached. The enhanced value can be explained according to that 
reported by Gaska et al. [4] who reached high values by using bigger particle sizes, 
because of heat transfer through the polymer matrix is much less efficient than 
through the crystalline filler. Since the main reason of the low thermal conductivity in 
polymer composites is the phonon scattering, especially at the interfaces, it is 
foreseeable that at a determined filler loading the thermal conductivity increases with 
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increasing particle size due to the smaller interfacial area between filler and matrix 
[31]. In contrast, many authors have reported that nanoparticles produces better 
enhancements in thermal conductivity [31,35]. This improvement is probably due to 
an increase of the intrinsic thermal conductivity of fillers, connected to a symmetry-
based selection rule that strongly suppresses phonon-phonon scattering in 2D 
particles [36]. However, the use of nanoparticles enlarges the amount of filler-matrix 
interfaces and they seem not to be the best choice to obtain high thermal conductivity 
composites [3].  
 
Figure 8. Thermal conductivity of the neat material and composites prepared. 
In our case, by using 80 μm agglomerates, there is a great dispersion in particle 
sizes and a big amount of interphases, which can reduce the expected increase in 
thermal conductivity if the particles were purely crystalline. Figure 9 shows the ESEM 
micrographs of the pure BN agglomerates.  
After curing (see Figure 7) both agglomerates and separated nanosheets can 
be observed dispersed in the polymeric matrix, in which big and small BN particles are 
well distributed. It is foreseeable that inside the agglomerates may not have 
penetrated the resin, subsequently reducing the interaction area in comparison to 
what happens in the BN sheets. 
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Figure 9. ESEM micrographs of the pure BN agglomerates at 400 (left) and 1500 (right) magnifications. 
4. Conclusions 
Calorimetric studies put into evidence that the kinetics of the curing was 
scarcely affected and that the addition of particles did not affect the final structure of 
the network. There is an increasing trend, although small, in gelation time on 
increasing the BN proportion in the formulation but no differences were observed in 
the conversion at the gelation, which indicates that BN particles did not play a role in 
the curing mechanism. 
The percolation threshold was calculated by rheometry to be 35.5 wt. % and 
the critical exponent 2.4 at 1 rad/s. 
The thermal stability and the degradation mechanism were not affected by the 
presence of BN. The addition of BN to the formulation reduced the thermal expansion 
coefficient of the final materials. Bigger BN particles results advantageous in this 
reduction. 
Young’s modulus gradually increased with the proportion of BN particles 
added, but the addition of BN agglomerates had a lower reinforcing effect, due to the 
different shape and size of fillers. The same trend was observed in the hardness 
enhancement. Glass transition temperature did not vary on increasing the BN 
proportion, but storage modulus increased due to the reinforcement of particles. On 
increasing the amount of BN in the material damping characteristics and homogeneity 
were reduced. 
By ESEM inspection, it was possible to see that on increasing the amount of BN 
in the formulation, the rupture lines became shorter and more complex due to the 
action of BN particles that led to start new paths of breakage. This variation should 
produce an increase in resilience, the energy absorbed in an impact. 
The addition of BN particles to the thiol-epoxy matrix resulted in a substantial 
increase in thermal conductivity of about 400% (0.97 W/K·m) at the highest 
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proportion added. This value was highly improved (1.75 W/K·m, 775% increase) if 80 
μm agglomerates were added. 
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Abstract 
Novel composite coatings prepared from 3,4-epoxy cyclohexylmethyl 3,4-
epoxycyclohexane carboxylate (ECC) and different ceramic fillers have been prepared to 
improve the thermal dissipation of electronic devices. As latent cationic initiator, a 
benzylanilinium salt with triethanolamine has been used, which leads to a polyether 
matrix. Different proportions of Al2O3, AlN and SiC as fillers were added to the reactive 
formulation. The effect of the fillers selected and their proportions on the evolution of 
the curing was studied by calorimetry and rheometry. The thermal conductivity, thermal 
stability, thermal expansion coefficient and thermomechanical and mechanical 
properties of the composites were evaluated. An improvement of 820% in thermal 
conductivity in reference to the neat material was reached with a 75 wt % of AlN, 
whereas glass transition temperatures higher than 200 °C were determined in all the 
composites. 
Keywords 
Cycloaliphatic epoxy resin; composites; thermal conductivity; latency; ceramic fillers. 
1. Introduction 
Epoxy thermosets are widely used in electric and electronic industries and other 
engineering applications. Usually, they are applied as adhesives or protective coatings, 
due to their good processability before curing, good compatibility with a large number 
of materials, high electrical insulating characteristics, and good thermal, corrosion and 
chemical resistance [1]. However, unmodified epoxy thermosets show low thermal 
conductivity, typically around 0.2 W/m·K, which may limit their use when thermal 
dissipation is required [2]. It must be noticed, that the dissipation of heat generated 
becomes a non-ignorable issue in the miniaturization of electronic devices. The 
increasing temperature, as the result of the generated heat in specific parts of the 
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devices, greatly affects the performance of the electronic equipment, leading to 
malfunction, poor reliability, and premature failures. The dissipation of heat is usually 
done by applying a heat sink, for example, a metal plate, and a cooling fan to blow away 
local heat. In order to keep good thermal contact between heat sources and heat sinks 
and to improve heat transfer efficiency, materials with high thermal conductivity, but 
electrically insulating, are needed to fill the gaps [3]. 
One of the easiest methods to solve the inherent low conductivity of epoxy 
resins, with the lowest cost and effectiveness, is to introduce fillers with high thermal 
conductivity combined with electrical insulating properties. Among them, boron nitride 
(BN) is one of the most used fillers, which combines properties such as high thermal 
conductivity, high dielectric strength, low thermal expansion coefficient (CTE) and low 
density [4,5]. However, some authors reported the use of other fillers to get those 
improvements [6]. Among them, ceramics such as aluminum oxide (Al2O3) [7] and 
aluminum nitride (AlN) [8], silicon nitride (Si3N4) [9], silicon carbide (SiC) [10] and 
graphene oxide (GO) [11] are ideal candidates in terms of their wide band gap and high 
thermal conductivity [3]. 
In the present paper, we have selected three of them: aluminum oxide and 
nitride and silicon carbide and they are added as fillers in cycloaliphatic epoxy resin 
formulations. Al2O3 particles are widely used in the electronic field, because of their 
cheaper price compared to other ceramic fillers, despite their relatively lower thermal 
conductivity (38–42 W/m·K) [12]. Its CTE is reported to be 7 ppm/°C. AlN particles are 
relatively expensive but show higher thermal conductivity (150–220 W/m·K) and lower 
thermal expansion coefficient (CTE) (2.5–5 ppm/°C) [12]. Finally, SiC has an intermediate 
thermal conductivity of 85 W/m·K [12] and CTE on the range 4.1–4.7 ppm/°C [3]. With 
regards to the cycloaliphatic epoxy, few studies are based on this. The combination of 
small and compact structure and high oxirane content gives resins with low viscosity and 
thermosets with high weatherability, low dielectric constant, in addition to high Tg [1]. 
This class of epoxy is popular for diverse end uses including auto topcoats, weatherable 
high-voltage insulators, ultraviolet (UV) coatings and encapsulants for electronic and 
optoelectronic applications, and in the last times there is an interest in growing 
applications including lithographic inks and photoresists for the electronics industry 
[13]. The inherent low viscosity of these resins enables them to be formulated with 
higher levels of inorganic fillers. This enhances mechanical and electrical track resistance 
for electrical and electronic components [14]. In the present work, we have used as 
thermal curing agent an ammonium salt (CXC1612) with a small proportion of 
triethanolamine (TEA) that confers a latent character to the curing system. In a previous 
work, it has been proved its latency and the fact that it leads to thermosets with high 
glass transition temperature (Tg) [15]. 
By the use of different fillers, this study aims at reaching better results than those 
obtained in a previous study in which BN was used [15]. In that study, an increase of 
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800% in thermal conductivity was obtained by adding 40 wt % of BN to the formulation. 
The materials obtained presented Tg values higher than 200 °C, reductions in CTE up to 
50% in reference to the neat epoxy material and improved shear strength and 
microindentation hardness. The addition of BN filler did not compromise the latency of 
the curing system, due to their inert character in this polymerization mechanism. The 
different chemical characteristics of the fillers selected in the present study could affect 
the curing kinetics, and it is foreseeable they greatly influence the thermal and 
mechanical characteristics of the final composites. 
2. Materials and Methods 
2.1. Materials 
3,4-epoxy cyclohexylmethyl 3,4-epoxycyclohexane carboxylate (ECC) (ERL-421D, 
EEW = 126.15 g/eq) was provided by Dow Chemical Company (Midland, MI, USA). 
Initiator CXC1612 from King Industries Inc., Norwalk, CT, USA, which was determined to 
be N-(4-methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate, was dissolved 
in propylene carbonate at 50 wt %. Propylene carbonate and triethanolamine (TEA) 
were provided by Sigma-Aldrich (Darmstadt, Germany) and purified by distillation. 
Aluminum oxide (Al2O3) from Showa Denko (Tokyo, Japan) with a particle size of 1–5 µm 
(ρ = 3.95 g/cm3), aluminum nitride (AlN) from Sigma Aldrich (Darmstadt, Germany) with 
a particle size of 0.5–3 µm (ρ = 3.26 g/cm3) and silicon carbide (SiC) 1D 99/CM101/F1200 
from Shengli Abrasives (Dongying, China) with approximate size of 4–8 µm (ρ = 3.21 
g/cm3). 
2.2. Sample Preparation 
The mixtures were prepared by mixing ECC with 1 phr of CXC1612 (parts of 
initiator per hundred parts of resin) and 0.1 phr of TEA. For composite samples, the 
required amount of filler was added in wt % to the previous formulation. The mixtures 
were stirred mechanically until homogeneity and degassed under vacuum to prevent 
the appearance of bubbles during the curing process. Finally, the samples were poured 
onto aluminum molds coated with Teflon and cured following a multi-step temperature 
schedule at 100, 120, 150, 180 and 200 °C, with a dwelling time of 1 h at each 
temperature. 
2.3. Characterization Techniques 
Differential scanning calorimetry (DSC, Mettler Toledo, Columbus, OH, USA) was 
used to study the curing evolution by using a Mettler DSC-821e calibrated using an In 
standard (heat flow calibration) and an In-Pb-Zn standard (T calibration). Samples of 
approx. 5–10 mg were tested in aluminum pans with a pierced lid in N2 atmosphere with 
a gas flow of 100 mL/min. The dynamic studies were performed between 30–250 °C with 
a heating rate of 10 °C/min. The reaction enthalpy (Δh) was integrated from the 
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calorimetric heat flow signal (dh/dt) using a straight baseline, with the help of the STARe 
software. 
Rheometric measurements were carried out in a TA Instruments AR G2 
rheometer (New Castle, DE, USA), equipped with electrical heated plates (EHP) with 
parallel plate geometry (25 mm diameter disposable aluminum plates). Complex 
viscosity (η*) and viscoelastic properties of the mixtures prepared were recorded as 
function of angular frequency ω (rad/s) in the linear range of viscoelasticity, obtained 
from constant shear storage modulus (G’) in a strain sweep experiment at 1 Hz at 30 °C. 
Thermal stability of cured samples was evaluated in a Mettler thermogravimetric 
analysis/simultaneous difference thermal analysis (TGA/SDTA) 851e thermobalance 
(Columbus, OH, USA). All the experiments were carried out under N2 atmosphere (100 
mL/min). Pieces of cured samples of 5–10 mg were heated between 30 and 600 °C at a 
heating rate of 10 °C/min. Dynamic mechanical thermal analyses (DMTA) were 
performed by using a TA Instruments DMA Q800 analyzer (New Castle, DE, USA ). 
Prismatic rectangular samples (15 × 6 × 2.3 mm3) were analyzed by 3-point bending at a 
heating rate of 3 °C/min from 35 to 300 °C using a frequency of 1 Hz and oscillation of 
0.1% of sample deformation. The Young’s modulus (E) was determined at 30 °C in a 
controlled force experiment using a three point bending clamp, as explained in a 
previous paper [4]. Thermomechanical analyses (TMA) were carried out on a Mettler 
TMA40 thermomechanical analyzer (Columbus, OH, USA ). Cured samples (12 × 12 × 2.3 
mm3) were supported by the clamp and one silica disc to distribute uniformly the force 
and heated at 5 °C/min from 35 to 100 °C by application of 0.01 N, a minimum force to 
avoid distortion of the results. 
Knoop microindentation hardness was measured as reported before with a 
Wilson Wolpert 401 MVA (Microhardness Vickers Analog) device following ASTM 
D1474-13 (Wilson Wolpert Instruments, Aachen, Germany). 20 determinations were 
made for each material to reach a confidence level of 95%. Surface fracture was 
examined with a FEI Quanta 600 environmental scanning electron microscope (ESEM, 
FEI Company, Hillsboro, OR, USA) that allows collecting electron micrographs at 10–20 
kV and low vacuum mode of uncoated specimens with low electron conductivity.  
Thermal conductivity was measured using the Transient Hot Bridge method by a 
THB 100 device from Linseis Messgeräte GmbH (Selb, Germany). A HTP G 9161 sensor 
was used with a 3 × 3 mm2 area calibrated with poly(methyl methacrylate) (PMMA), 
borosilicate crown glass, marble, Ti-Al alloy and titanium. Two equal polished 
rectangular samples (12 × 12 × 2.3 mm3) were placed in each one of the faces of the 
sensor. Due to the small size of the sensor, side effects can be neglected. A measuring 
time of 100 s with a current of 10 mA was applied to each of the five measures done for 
the different formulations. 
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3. Results and Discussion 
3.1. Calorimetric Study of the Curing Process 
To ascertain the influence of the different fillers selected in the curing evolution, 
proportions of 50, 60 and 70 wt % of each type of particle fillers were added to the epoxy 
resin/initiator formulations and studied by DSC. In the case of AlN, a higher proportion 
(75 wt %) was added after examining the rheological results obtained. As the curing 
system, we selected a thermal cationic latent epoxy system previously reported that 
consist in N-(4-methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate with a 
small proportion of triethanolamine that leads to the homopolymerization of the 
cycloaliphatic epoxy in a latent manner [15]. Figure 1 presents the non-isothermal 
calorimetric curves of the different formulations studied, where we can see the different 
effects for the fillers selected. 
 
Figure 1. Exothermic curves from differential scanning calorimetry (DSC) analysis of all the mixtures 
prepared with different fillers: (A) Al2O3, (B) AlN, (C) SiC. 
In Figure 1A, it can be seen that the addition of alumina produces a delay in the 
curing process on increasing its proportion in the formulation, which can be related to 
its basic character that interacts with the growing cationic species, deactivating them. 
By contrast, AlN shows in Figure 1B a small acceleration of the reaction which is 
accentuated on rising its concentration. Thus, it seems that AlN structure favors the 
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leads to practically the same peak temperature as the neat epoxy, which means that it 
has an inert character in the reaction mechanism and that no interaction between the 
cationic species formed and the filler structure occurs. The interaction between growing 
polymer chains and fillers can also play a role in the thermal transmission, because in 
the interphase phonons are usually scattered, reducing the heat transfer. 
The most representative data obtained from the calorimetric analysis are 
collected in Table 1. 
Table 1. DSC data of the different formulations studied. 
Sample Tonset a (°C) Tpeak a (°C) Δh b (J/g) Δh b (kJ/ee) 
Neat 109 117 596 75.2 
50% Al2O3 114 120 258 65.2 
60% Al2O3 116 122 202 63.8 
70% Al2O3 117 123 147 62.0 
50% AlN 109 116 286 72.2 
60% AlN 106 113 225 71.0 
70% AlN 106 112 172 72.1 
75% AlN 106 111 146 73.4 
50% SiC 109 118 277 69.9 
60% SiC 110 118 221 69.8 
70% SiC 112 120 166 69.6 
a Onset and maximum peak temperatures of the curing exotherm. 
b Heat evolved during the curing by gram of mixture or by epoxy equivalent. 
In addition to the onset and the temperature of the maximum of the peak, the 
heat evolved by gram or by epoxy equivalent was calculated. This value gives us valuable 
information about the conversion of epoxide groups achieved in all the composites 
prepared. The value of enthalpy should approach the one of the neat formulation. As 
we can see, the heat released in the neat formulation is the highest, which indicates that 
the addition of filler to the formulation reduces the conversion achieved, probably due 
to topological restrictions produced by the particles. However, the addition of alumina 
leads to the lowest enthalpy released, which can be related to the inactivation of the 
growing cationic species in the basic alumina surface. In previous studies with BN as the 
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filler no effect was observed in the kinetics which agrees with the inert chemical 
character of the BN particles, but there was a reduction in the released enthalpy, 
independent of the filler content, related to topological hindrance to the 
homopolymerization reaction [15]. All the cured samples were submitted to a second 
DSC scan but no Tg could be observed due to the high crosslinking achieved in the epoxy 
matrix because of the compact structure of the epoxy resin and the 
homopolymerization produced in the curing. 
3.2. Rheological Behavior of Mixtures 
Mixtures before curing were essayed by rheology to analyze their viscoelastic behavior. 
The particle size of the different fillers is in the same range, and the particle shapes are 
quite similar. These two properties are the ones having the strongest influence on the 
rheological behavior. Although density differences in the fillers selected lead to a 
variation on their volumetric content, the similarity between particles allowed us to 
perform the comparison among the different formulations [16,17]. The linear 
viscoelastic region (LVR) was determined in oscillatory tests, varying amplitude of 
deformation with a fixed frequency (1 Hz) at 30 °C. As in previous studies with BN 
[4,15,18], the LVR is displaced to lower amplitudes when the filler proportion increases. 
This means that the mixture’s microstructure finds a critical strain above which the 
structure organization starts to breakdown at lower amplitudes when the amount of 
filler grows [19]. Thus, the amplitude was set at the LVR for each mixture to carry out 
the frequency sweep experiments. The effect of the filler content for each type of filler 
on the complex viscosity (η*) is represented in Figure 2. 
As we can see in all the mixtures, to a greater or lesser extent, shear thinning is 
observed. This is due to a diminution of viscosity on increasing the frequency applied, 
attributable to changes in the microstructure of the mixture, typical of filled blends. In 
contrast, the neat formulation represents an almost constant value on varying the 
frequency, which means that it has a Newtonian behavior. Mixtures with alumina and 
silicon carbide present a very large difference in viscosity between 60 and 70 wt % (3 
orders of magnitude) and 5-7 orders of magnitude in reference to the neat formulation. 
On the other hand, the addition of aluminum nitride does not produce any large effect 
until the addition of 75 wt %. Thus, from the point of view of the application on surfaces 
or filling molds, aluminum nitride is the best suited.  
Studies on micro and nanoparticle composites showed that the thermal 
conductivity of the composites is significantly smaller than that of their bulk 
counterparts due to phonon-interface scattering [20]. Commonly, the used fabrication 
techniques, such as hot pressing, tend to produce randomly particle distributed 
composites, forming clusters of particles. When particles with high thermal conductivity 
are randomly dispersed in a matrix material with low transport properties, the largest 
cluster can form a percolation network [21]. Thus, the largest cluster of thermally 
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conductive material can connect the opposite boundaries when the volumetric 
concentration of particles reaches certain limit. This limit of volumetric concentration, 
defined as the percolation threshold, is determined by the geometric characteristics of 
particles. The percolating network can create a low resistance pathway for thermal 
transport and the conductivity of the composites can increase notably once reached 
percolation [22]. The significant changes in the microstructure, related to the 
percolation threshold, can be evaluated by the study of storage modulus (G’) and loss 
modulus (G’’), which determine the elastic and viscous properties, respectively. Figure 
3 shows the plots of both moduli on changing the frequency for all the formulations 
studied. 
  
Figure 2. Complex viscosities of mixtures varying frequency in the linear viscoelastic region (LVR) of each 
formulation at 30 °C with different fillers: (A) Al2O3, (B) AlN, (C) SiC. 
An interpretation of Rouse-like behavior takes as a criterion that when G’ and G’’ 
at low frequencies become equal the percolation threshold has been reached [18,23]. 
This means the transition from non-percolated to percolated response must be 
accompanied by the change from the liquid-like behavior (G’ < G’’) to solid-like behavior 
(G’ > G’’). In Figure 3A this change is observed between the mixtures of 60 and 70 wt % 
of alumina, as corresponds to the large increase in viscosity (Figure 2A). In case of AlN 
blends (Figure 3B) only liquid like behavior is exhibited until the 70% of filler added. For 
this reason, a new mixture with the 75% of AlN was also prepared to surpass the 
rheological percolation. It must be commented, that this is the practical limit for a hand-
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mixing procedure. Since all particle sizes are similar, the lower viscosity of AlN 
formulations could be attributed to the lower specific surface area (SSA) of AlN powder. 
Finally, the mixtures with 50 and 60 wt % of SiC (Figure 3C) are very close to reach the 
percolation but this is not surpassed until 70% wt % of SiC. A high increase of viscosity is 
observed in the transition (Figure 2C). Apart from the high volumetric ratio due to its 
low density, this high viscosity is assumed to be related to the high SSA. 
 
Figure 3. Plots of G’ and G’’ versus frequency in frequency sweep tests at 30 °C for the different formulations 
studied with different fillers: (A) Al2O3, (B) AlN, (C) SiC. 
3.3. Morphological Analysis 
The appearance of the different fillers used in this study as well as the fracture 
surface of the prepared composites was analyzed by ESEM. Representative micrographs 
are shown in Figure 4.  
The morphological characteristics of the fillers used in the present study are 
shown in the first row of the figure. In the next two rows, two images of each type of 
composite with different filler contents and different magnifications have been also 
included. As we can see, SiC is formed by particles with a polyhedral shape with smooth 
surface. In the composite with a 70 wt %, these particles are not well bonded to the 
polymeric matrix, which agrees with the inert character of SiC in the DSC kinetic study. 
The particles are very close to each other, which confirms that the percolation has been 
reached. 
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Figure 4. Environmental scanning electron microscope (ESEM) micrographs of fillers and fracture surfaces of 
composites at different magnifications. 
The particles of alumina and AlN are like aggregates and polydisperse in size. 
However, AlN particles are much smaller and more polydisperse. Both type of particles 
seems to be quite well bonded to the epoxy matrix as can be seen in the micrographs of 
the bottom row, which accounts for an interaction of the surface groups with the 
growing chains, as was deduced from the retardation and acceleration of the curing 
process detected by calorimetric studies. The micrograph of AlN at 70 wt % composite 
show that some of the particles are isolated, since at this filler content percolation has 
not been reached. The inspection of the fracture surfaces of the samples with a 50 wt % 
of each filler allows confirming the homogeneous distribution of the particles on the 
epoxy matrix and the tough characteristics of the fracture, since the fracture cracks are 
very tortuous. 
3.4. Thermal and Mechanical Characterization of Composites 
The addition of filler can increase some thermomechanical properties of 
polymeric materials. Particles act as a reinforcement of the polymer network leading to 
the improvement of some properties as thermal stability, stiffness or hardness. 
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TGA, DMTA, TMA and microindentation experiments were performed in the 
composites prepared to evaluate these characteristics and to investigate the effect of 
each of the fillers on them.  
The evaluation of the thermal stability performed by TGA analysis is represented 
in Figure 5. As can be seen, the shape of the curves is similar which implies that the 
presence of fillers does not influence the degradation mechanism. 
 
Figure 5. Thermogravimetric analysis (TGA) degradation curves of the different composites obtained by the 
addition of different fillers: (A) Al2O3, (B) AlN, (C) SiC. 
Table 2 collects the data of char yields and the temperature of 2% of 
decomposition (T2%). A large difference can be observed in the T2% between the neat 
epoxy and the composites, of around 100 °C. In a previous study [15] using the same 
epoxy system but adding BN till 40 wt % this increase was more than 70 °C. The reason 
for this increase is the less resin content to be degraded and therefore T2% occurs at 
higher temperature. However, on changing the type of filler these temperatures 
experiment small variations when the same proportion was added, which could be 
attributed to differences in the organic network structure. In fact, greater differences 
on changing the proportion are observable for alumina and AlN composites, in line with 
the effect of the filler on the curing process observed with DSC. As can be seen in the 
table, practically the total amount of ECC is decomposed in inert atmosphere and char 
residues agrees quite well with the proportion of filler added. What can be assumed is 
that the introduction of particles does not negatively affect the thermal stability of 
composites. 
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- 273 1.0 2.4 227 115 
50% Al2O3 22.8 341 52.0 6.1 223 58 
60% Al2O3 30.8 354 61.6 7.5 223 38 
70% Al2O3 40.9 368 71.9 11.1 244 36 
50% AlN 26.4 337 51.9 7.1 235 56 
60% AlN 35.0 351 62.8 7.8 238 38 
70% AlN 45.6 359 71.2 12.2 246 35 
75% AlN 51.8 353 77.3 14.4 252 22 
50% SiC 26.6 368 54.0 7.8 230 52 
60% SiC 35.3 370 62.7 10.4 230 48 
70% SiC 46.0 377 72.6 11.6 240 32 
a Temperature of 2% weight loss determined by TGA in N2 at 10 °C/min. 
b Char residue at 600 °C (in N2). 
c Young’s modulus determined by dynamic mechanical thermal analyses (DMTA) at 30 °C. 
d Temperature of maximum of tanδ at 1 Hz in a DMTA oscillatory experiment using the same clamp. 
e Thermal expansion coefficient in the glassy state determined between 50–75 °C by thermomechanical 
analyses (TMA). 
Thermomechanical behavior of composites was analyzed by DMTA. Table 2 
shows the rigidity and the temperature of the maximum of tan δ peak, related to Tg. 
Young’s modulus measured at 30 °C is highly increased with the addition of filler. This is 
due to the mechanical reinforcement role played by the particles within the matrix. In 
Figure 6, the tan δ curves are shown. 
It can be seen that the relaxation curves are very broad and have low intensity as 
in ECC-BN composites [15], indicating a slow relaxation process and a low homogeneity 
in the network structure due the high crosslinking density and to the inherent 
inhomogeneity caused by ring-opening polymerization mechanism. As DMTA evaluates 
the thermomechanical characteristics, the results are influenced by the mechanical role 
played by the particles on the organic matrix. In this way, it can be seen a notable change 
in the Tg of the materials with alumina and SiC when it exceeds percolation. Conversely, 
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materials with AlN show a gradual increase of Tg without major changes when 
percolation is achieved. 
The values of the storage modulus (E’) in the rubber state could not be 
determined, since in the tan δ curves we can observe that the complete relaxation of 
the material is higher than 300 °C, and at this temperature the decomposition of the 
polymeric matrix has already begun. 
The thermal expansion coefficient is an important parameter for the reliability 
and working life of epoxy materials when they operate as coatings or as thermal 
interface materials (TIMs) since changes in their working temperature can produce high 
internal stresses due to the mismatch between the CTE the epoxy coating or TIM, and 
the substrate, the former being larger [24]. This can provoke de-adhesion between the 
interfaces they bond, wrapping or any type of defects that finally reduce the durability 
of the materials. Reducing the CTE of the epoxy coating or TIM would reduce the CTE 
mismatch and this would result in an enlargement of the working-life of the devices. 
 
Figure 6. Curves of tan δ for the composites prepared determined by DMTA: (A) Al2O3, (B) AlN, (C) SiC. 
CTEs were evaluated by TMA and the results are given in Table 2. As expected, 
on increasing the filler content CTE’s are notably reduced. The reduction of this 
coefficient is gradual with the percentage of filler added. The CTE of the ceramic filler 
does not affect much the values of the composite materials. However, the addition of 
75 wt % of AlN, which has the lowest CTE, leads to the lowest value of 22 ppm/K in all 
the composites prepared. 
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Another characteristic that has an effect on the durability of composites is the 
surface hardness of the materials. By means of microindentation tests, the Knoop 
hardness of each composite was determined and the values are represented in Figure 
7. 
 
Figure 7. Microindentation Knoop hardness dependence on filler/proportion in the composites. 
As in the case of materials with BN [4,15,18], the hardness increased with the 
filler loading. The change of the type of particles added should also affect in principle, 
the improvement reached. It is reported that the hardness of the ceramic fillers follows 
the order SiC > Al2O3 > AlN [25]. However, this trend is not followed in our composites, 
since the greater effect on hardness is originated by AlN, which leads to more than 6-
fold improvements on adding a 75 wt % of this filler to the epoxy formulation. These 
unexpected results could be rationalized in a better interaction between the organic 
matrix with the filler in case of AlN, or to the particle size and shape that undoubtedly 
should affect hardness characteristics. In a previous study on composites with the same 
polymer matrix but a 40 wt % BN filler, the maximum hardness value reached was only 
26.6 KHN (Koop Hardness) and the progressive improvement of the hardness with the 
filler content occurs more smoothly than in the present study [15]. However, in that 
work the proportion of filler was lower, the percolation was reached at 14.4 wt %, 
because of the platelet-like shape of the particles. This leads to the conclusion that for 
hardness improvement, the fillers used in the present study are better than the previous 
studied h-BN filler, and among them, AlN is the most effective. 
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3.5. Thermal Conductivities 
The main goal of the study was to increase the thermal conductivity of the 
cycloaliphatic epoxy matrix by the addition of thermal conductive particles. The results 
of the thermal conductivity determined for the composites prepared are represented in 
Figure 8. 
 
Figure 8. Thermal conductivities of the neat epoxy and the different composites prepared. 
The highest conductivity values (1.21 W/m·K) were reached for the sample with 
a 75 wt % of AlN, followed by the composite with the highest proportion of SiC (1.12 
W/m·K). However, it is quite curious that at the same filler content (70%) SiC leads to a 
higher value of this parameter, although pure AlN has a much higher conductivity than 
pure SiC. This unexpected result could be explained on the basis of the conductive 
pathways formed by the filler particles, which is related to the percolation phenomenon, 
which for AlN has not been achieved at this filler content. 
The thermal conductivity obtained in the present study is higher than that 
obtained in BN composites (1.04 W/m·K) [15]. However, in the present case a higher 
proportion of filler has been added to the formulation, since the addition of h-BN was 
limited to 40 wt %, because of the difficulty of the manual preparation of mixtures with 
a higher proportion of this filler. However, the different shape and size of the filler 
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the organic matrix and makes it difficult to come to general conclusions. In a previous 
study, we could demonstrate the influence of the size and shape of the particles on the 
thermal conductivity of this type of composites [18]. 
As we have seen, the higher the proportion of filler, the better is the thermal 
conductivity, but any big difference is observed between the different particles used, 
being the most important effect the achievement of the percolation. However, it should 
be taken into account that mechanical properties and processability can become worse 
with a high proportion of fillers and both characteristics should also be considered in 
the improvement of thermal management. For this reason, as an alternative, the use of 
nanofillers, with high specific surface area that can be chemically modified, will be 
attempted in the forthcoming studies of our group. 
4. Conclusions 
The addition of different ceramic fillers to an epoxy cycloaliphatic formulation 
cured with a latent cationic homopolymerization system led to an acceleration on 
adding AlN, a delay in the case of alumina, whereas the addition of SiC did not produce 
any kinetic effect in the curing process. The addition of filler slightly reduced the degree 
of curing, probably due to topological restrictions. The use of alumina as the filler led to 
the lowest curing degree, which could be related to the basic character of alumina. 
The viscosities of the filled formulations increased significantly on reaching the 
percolation. The addition of alumina or SiC in a proportion of 70 wt % surpassed the 
percolation threshold but it is necessary to reach a 75 wt % of AlN to experiment with 
this phenomenon. 
The different fillers did not affect the thermal degradation mechanism of the 
composites but the initial degradation temperature increased in 100 °C in the highest 
loaded composites in reference to the neat material. 
The materials presented a broad relaxation curve in the DMTA, according to their 
high crosslinked structure. Tg values increased with the filler content. 
Young’s moduli and hardness were enhanced significantly by the addition of the 
reinforcements. The maximum values were reached in the 75 wt % of AlN composite 
with a 6-fold and a 7-fold increase, respectively, in reference to the neat material. This 
material showed the lowest CTE value of all the materials prepared. 
As a general conclusion, it can be stated that the formulation with a 75 wt % of 
AlN is the most adequate in terms of applicability (lower viscosity) and the material 
obtained after curing has the best mechanical performance, the highest Tg, the lowest 
thermal expansion coefficient, and the highest thermal conductivity. 
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Abstract 
The enhancement of the thermal conductivity, keeping electrical insulation, of epoxy 
thermosets through the addition of pristine and oxidized carbon nanotubes (CNTs) and 
micro-platelets of boron nitride (BN) was studied. Two different epoxy resins were 
selected: a cycloaliphatic (ECC) and a glycidylic (DGEBA) epoxy resins. The behavior of 
the composites obtained was studied and compared in terms of thermal, thermo-
mechanical, rheological and electrical properties. Two different dispersion methods 
were used in the addition of pristine and oxidized CNTs depending on the type of epoxy 
resin used. Slight changes in the kinetics of the curing reaction were observed in the 
presence of fillers. The addition of pristine CNTs led to a greater enhancement of the 
mechanical properties of ECC composites whereas the oxidized CNTs presented a higher 
effect in the DGEBA matrix. The addition of CNTs alone drastically led to a drop of the 
electrical resistivity of the composites. Nevertheless, in the presence of BN, it is possible 
to increase the proportion of CNTs in the formulation without deterioration of the 
electrical resistivity. A low but significant synergic effect was detected when both fillers 
were added together. Improvements of about 750% and 400% in thermal conductivity 
were determined in reference to the neat epoxy matrix for the ECC and DGEBA 
composites, respectively. 
Keywords 
Thermal conductivity, carbon nanotubes, boron nitride, epoxy resins, composites 
1. Introduction 
In the last two decades great efforts have been devoted to enhancing the 
performance capabilities in reinforced epoxy polymers.1,2  One of the most challenging 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 





issue in this type of materials consists in the enhancement of the thermal conductivity 
(TC), because of their intrinsically insulating characteristics. To improve the thermal 
management is crucial in the rapid evolution of modern electronics and other 
applications that involve the maintenance of a working temperature range.3 The 
thermal conductivity of traditional ceramic fillers (Al2O3, SiO2, AlN, BN, SiC…) is becoming 
insufficient for this purpose, even at high loadings. That is why many studies have been 
performed using carbon materials including carbon nanotubes (CNTs), carbon nano-
fibers, graphene, graphite, expanded graphite (EG), carbon black, etc., as they exhibit 
an exceptional thermal transport ability.4 
CNTs are characterized by a high aspect ratio, excellent mechanical properties, 
remarkable thermal and electric conductivities, low density and good corrosion 
resistance against oxidative environments.2,5 Although these properties depend on the 
synthetic method used (chemical vapor deposition, laser ablation, arch discharge, etc.) 
and manufacturing quality, CNTs can improve epoxy composite properties such as: 
Young’s modulus, tensile and yield strengths, fracture toughness, hardness, flexibility, 
adhesion, vibrational damping, hydrophobicity, piezoelectricity for sensors, etc.5-10 
These characteristics make them very interesting materials in the development of 
nanotechnology, nanoscience and microelectronics. According to their exceptional 
properties, they can be used in a wide range of different applications in the fields of 
aerospace, automotive and naval engineering, light emitting diodes (LEDs) and bio-
medicine, among others.11,12 Besides the different synthetic methodologies, chemical 
vapor deposition appears as the most convenient, since it is the most economical, it is 
able to grow nanotubes directly on a surface and the obtained nanotubes have more 
defects, which improves the interaction capability with the matrix, increasing the 
interface properties.13,14 One of the main problems to solve in the preparation of 
composites is the dispersion of CNTs in the matrix due to their high surface area and 
their strong tendency to agglomerate via Van der Waals forces.5,7 The other important 
issue is the high interfacial thermal resistance between the nanofiller and the polymeric 
matrix.3,15 Previous published studies16,17 showed that pristine CNTs at low 
concentration can enhance TC when good dispersion is reached. Nonetheless, a 
beneficial method to improve the epoxy-CNT interactions and thus the dispersion of 
CNTs is their functionalization (usually by oxidizing the surface), which can preserve CNT 
pristine structure, through the delocalized π-bonds interactions.5,18 It is important to 
stress that not all functionalization types contribute in a positive way to the 
enhancement of TC.19,20 
Heat transport in carbon materials is dominated by electron transport due to the 
sp2 hybridization of carbon atoms, while in polymer composites this phenomenon is 
governed through phonons.3,21 Despite the high thermal conductivity of CNTs, 
composite conductivities presented a much lower values than those estimated by 
theoretical calculations.3,22 This fact is caused by the phonon scattering produced in the 
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CNT-matrix and CNT-CNT interfaces and their high interface thermal resistances. The 
origin of this resistance is the high difference of the frequency modes that obstruct the 
phonon-phonon coupling before exchanging heat in each interface.22,23 Lattice defects 
and impurities should not be underestimated, since they are points at which phonons 
can be scattered.3 
Up to now, there are only few publications combining boron nitride (BN) and 
CNTs in epoxy matrices. However, a synergistic improvement in the thermal conductivity 
using these two fillers has been demonstrated in polyphenylene sulfide matrices.24 This 
improvement seems to strongly depend on the surface treatment of the MWCNTs. Teng 
et al.25 used BN and functionalized MWCNTs to prepare epoxy composites. A synergistic 
effect in the thermal conductivity was observed in the composite containing 30 vol. % 
of BN and 1 vol.% of MWCNTs, reaching a value of TC of 1.91 W/m·K.  Li et al.26 studied 
how the addition of fillers (BN/CNT), fabricated by in-situ growing of CNTs onto BN 
surfaces, to epoxy resins affects mechanical characteristics and TC. The materials with 
BN/CNT particles show better thermal performance than pure BN composites even with 
CNTs loading as low as 2 wt. %. The prepared composites have a large electrical 
resistivity because BN particles block the current paths of CNTs bonded to the inorganic 
particles. Mechanical properties of the samples are also improved. The Su’s group 
reported different results when adding BN particles and CNTs to epoxy matrices.27,28 In 
both papers, CNTs are modified with amino groups at the surface, whereas BN is 
modified with iron oxide in one of the works and unmodified in the other. By using a 30 
wt. % of modified BN, the addition of CNTs is found to reduce TC, whereas when 35 wt. 
% of pristine BN is used, a synergistic effect of about 40% of increase is observed.  
According to the different results reported and the scarce number of studies on 
the synergism between BN and CNTs we have considered interesting to go deeper in 
this topic. Thus, the aim of the present work is the preparation of epoxy composites with 
a high thermal conductivity keeping electrical insulation using different proportions of 
these particles. The study also aims to correlate which changes in the matrix and in the 
fillers affect these characteristics and if there are some kind of cooperative effects 
among them. As the matrix, two different epoxy systems based on diglycidylether of 
bisphenol A (DGEBA) and a cycloaliphatic resin (ECC) cationically homopolymerized have 
been tested, which were previously optimized using a cationic initiator, CXC1612, and 
adding BN microplatelets as the filler.29-31 In the present work, BN particles, with a larger 
size, and pristine and oxidized MWCNT’s are selected. The kinetics of the curing of the 
different formulations have been determined by calorimetry. Rheological studies have 
allowed us to determine the effect of the addition of fillers to the formulations on their 
viscoelastic characteristics and to determine the rheological percolation threshold. The 
materials obtained have been characterized from the thermal and thermomechanical 
point of view and thermal conductivity and electrical resistivity were also determined. 
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2. Materials and methods 
2.1. Materials 
Cycloaliphatic epoxy resin (3,4-epoxy cyclohexylmethyl 3,4-epoxycyclohexane 
carboxylate, ECC) (EEW=126.15 g/epoxy eq.) was supplied from Sigma Aldrich Inc. 
(Darmstadt, Germany). Diglycidyl ether of bisphenol A (DGEBA) EPIKOTE Resin 828 
(EEW=187g/epoxy eq.) was purchased from Hexion Specialty Chemicals (Stuttgart, 
Germany). The initiator N-(4-methoxybenzyl)-N,N-dimethylanilinium hexafluoro-
antimonate (CXC1612) from King Industries Inc. (Norwalk, CT, USA), was dissolved in 
propylene carbonate at 50 wt. %. Propylene carbonate and triethanolamine (TEA) were 
provided by Sigma Aldrich Inc. and both purified by distillation before use. Glycerol (Gly) 
and hydrogen peroxide solution of 30 wt. % were supplied by Sigma Aldrich Inc. and 
used as received. Multiwalled carbon nanotubes (MWCNT, see Figure 1A) were 
provided by Nanocyl SA (Sambreville, Belgium), with 9.5 nm and 1.5 µm of diameter and 
length averages, respectively, and specific surface area (SSA) in the range of 250-300 
m2/g. Platelets of hexagonal boron nitride (BN, Figure 1B) with an average size of 30 µm 
(PCTP30) were purchased from Saint-Gobain (Valley Forge, PA, USA). 
 
Figure 1. A) Pristine CNT agglomerate in powder form. B) Micro-sized platelets of h-BN. 
2.2. Sample preparation 
The curing of samples was carried out onto teflonated metallic moulds and 
following a multi-step temperature schedule at 100, 120, 150, 180 and 200 °C, leaving 
them 1 h at each temperature. 
The cycloaliphatic epoxy system was prepared by mixing 1 phr of CXC1612 (parts 
of initiator per hundred parts of resin) and 0.1 phr of TEA. Proportions between 0.05-1 
wt. % of CNT were added to the epoxy system as is schematized in Figure 2A. CNTs were 
dispersed in the resin by direct sonication (Digital Sonifier 250/450 from Branson 
Ultrasonic Corporation, Danbury, CT, USA), using 35% of amplitude during 20 s, divided 
in four equal batches of 5 s. Vacuum at room temperature was applied during 1 h to 
remove bubbles formed by the dispersion procedure. The mixtures of ECC-CNT were 
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used to form new mixtures by using 60 wt. % of them with the 40 wt. % of BN particles. 
In this case, mechanical stirring until homogeneity was done. The curing of the samples 
was carried out in metallic molds and following an optimized multi-step temperature 
schedule at 80, 100, 120, 150, 180 and 200 °C, with a dwelling time of 1 h at each 
temperature. 
DGEBA resin formulation was prepared following a previous procedure by mixing 
3 phr of CXC1612 and 2 phr of Gly. A maximum proportion of 1 wt. % of CNTs, and 40 
wt. % of BN were added. The curing was performed at 120 °C for 1 h, followed by a post 
curing at 150 °C for 1 h. The preparation procedure is schematized in Figure 2B. 
CNTs were oxidized following the procedure described by Pak et. al.24 using a mild 
treatment of the CNTs with hydrogen peroxide at 30% in a sonicator bath. 1 wt. % of 
oxidized carbon nanotubes (o-CNTs) was added to neat ECC and DGEBA epoxy 
formulations, and to these formulations containing a 40 wt. % of BN. 
2.3. Characterization techniques 
A modulated differential scanning calorimeter (DSC, Mettler Toledo, Columbus, 
OH, USA) Mettler DSC-3+ was used to analyze the epoxy reaction evolution. Samples of 
ca. 3-5 mg were tested in aluminum pans with a pierced lid in a nitrogen atmosphere 
with a gas flow of 50 mL/min. The dynamic studies were performed in the range of 30-
250 °C with a heating rate of 10 K/min. Enthalpy released on curing the samples (Δh) 
was calculated integrating the calorimetric signal (dh/dt) using a straight baseline in the 
range of the exotherm, with the help of the STARe software. 
Rheologic experiments were carried out for ECC-CNT formulations in parallel 
aluminium plates (20 mm diameter) in oscillatory mode with an AR G2 rheometer 
equipped with a peltier temperature controller accessory from TA Instruments (New 
Castle, DE, USA). The linear viscoelastic range (LVR) was determined at 1 Hz and 30 °C 
varying the strain applied. Viscoelastic properties as shear elastic modulus (G’) and 
viscous modulus (G’’), were determined in the LVR in frequency sweep experiments at 
30 °C. 
Dynamic mechanical thermal analyses (DMTA) were performed with a TA 
Instruments DMA Q800 analyzer. The prismatic rectangular samples (20 x 4.5 x 2.5 mm3) 
were analyzed by 3-point bending clamp at a heating rate of 3 K/min from 30 to 300 °C, 
using a frequency of 1 Hz and an oscillation of 0.1% of sample deformation. The Young’s 
modulus (E) was determined at 30 °C by means of a force ramp at constant rate, 1 
N/min, until reaching a deformation that never exceeds 0.25% of strain, to guarantee 
that only the elastic part of the material is evaluated. E was calculated taken the slope 
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Figure 2. Scheme of sample preparation of ECC (A) and DGEBA mixtures (B). 
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where E is the elastic modulus of epoxy sample (MPa), L is the support span (mm), b and 
t are the width and the thickness of test sample (mm) and m is the gradient of the slope 
(N/mm). 
Surface hardness was evaluated through Knoop microindentation analysis being 
consistent with ASTM D1474-13. A minimum of 12 determinations were considered with 
a confidence level of 95% for each material. Knoop microindentation hardness (KHN) 







  (2) 
where L is the load applied by the indenter (0.025 Kg), Ap is the area of indentation in 
mm2 and Cp the indenter constant relating l2 with Ap. 
Thermomechanical analyses (TMA) were carried out on a Mettler TMA40 
thermomechanical analyzer. Square cured samples (9 x 9 x 2.3 mm3) were supported by 
the clamp and a silica disc to distribute uniformly the force and heated at 5 K/min from 
35 to 100 °C. A minimum force of 0.01 N was applied to avoid results distortion. The 
















  (3) 
where L is the thickness of sample, L0 the initial length, t the time, T the temperature 
and dT/dt the heating rate. 
Thermal stability of cured samples was evaluated in a Mettler TGA2 
thermobalance. All the experiments were carried out under N2 atmosphere (50 
mL/min). Pieces of cured samples of 3-6 mg were heated between 30 and 600 °C at a 
heating rate of 10 °C/min. 
Environmental scanning electron microscopy (ESEM) was used to examine the 
fillers and breaking surfaces of the materials prepared. A Quanta 600 environmental 
scanning electron microscopy (FEI Company, Hillsboro, OR, USA) allows collect 
micrographs at 10-20 kV and low vacuum mode without the need to coat the samples 
with poor electrical conductivity. 
Electrical resistance of materials was tested using a multimeter 34410A 6½ Digit 
from Agilent Technologies (Santa Clara, CA, USA) at room temperature and based on 
ASTM D257-14. The samples with higher electrical resistance (>108 Ω·m) were evaluated 
with a Megohmmeter Resistomat 24508 (Gernsbach, Germany) at room temperature 
and the same standard. Samples of approximately 14 mm of diameter were tested 
between two stainless steel electrodes with a surface area of 19.635 mm2. A voltage of 
500 V during 5 min was applied to thermoset composites. Electrical resistivity (ρ) was 
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where R is the electrical resistance measured by the device, A the electrode area and l 
the sample thickness. 
Thermal conductivity was measured using the Transient Hot Bridge method by a 
THB 100 device from Linseis Messgeräte GmbH (Selb, Germany). A HTP G 9161 sensor 
was used with a 3 x 3 mm2 of area calibrated with poly(methyl methacrylate) (PMMA), 
borosilicate crown glass, marble, Ti-Al alloy and titanium. Two equal polished 
rectangular samples (9 x 9 x 2.3 mm3) were placed in each face of the sensor. Due to the 
small size of sensor, side effect can be neglected. A measuring time of 100 s with a 
current of 10 mA was applied to the five measures done for the different formulations. 
3. Results and discussion 
3.1. Calorimetric analysis by DSC 
The initiator selected, CXC1612, has proved to present a markedly thermal latent 
character in ECC formulation in the presence of TEA until reaching temperatures over 
100 °C (determined by DSC).29 According to that, the formulation presents a long storage 
stability at room temperature. For this reason, this system was selected for direct 
sonication to disperse carbon nanotubes, taking advantage of the low viscosity of ECC 
resin. Ultrasonication is considered an efficient dispersion method, less time consuming 
compared to other techniques, although it is known to damage CNTs introducing defects 
and reducing lengths.20,32 The formation of defects represents an advantage providing 
bonding sites between the filler and the matrix, to the already imperfect CNT made by 
CVD. After preliminary investigations it was decided to apply 20 s of ultrasonication, 
divided in batches of 5 s, at the high amplitude of 35% to all the ECC-CNT mixtures (see 
compositions in Table 1). Lengthen sonication time increased the temperature by the 
mechanical action and the homopolymerization reaction was initiated despite having 
the curing system the latent character. CNT suspensions, which were degassed under 
vacuum, could be stored at room temperature for three months without observing any 
sign of filler precipitation, which confirmed the good dispersion reached. To ECC-CNT 
mixtures a 40 wt. % of BN was added, and the compositions of the different formulations 
are detailed in Table 1. 
The curing of the formulations prepared was studied by DSC in dynamic mode. 
Table 1 contain the most important data extracted from these experiments. It should be 
mentioned, that the curing exotherms are narrow and high, due to the latent character 
and quick reaction.29 
Some authors studied the curing behavior of epoxy systems filled with CNTs.33  
When the filler was well dispersed no variation in the curing process was observed. 
However, when CNTs agglomerate conflicting results were reported, diminishing or 
increasing the enthalpy evolved during curing. In Table 1 it can be observed how the 
addition of CNTs barely change the temperature of the maximum of the exotherm and 
the heat evolved during the cure, which support the good CNT dispersion. The addition 
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of o-CNTs does not lead to great differences when added to the curing formulation. In 
all the CNTs filled formulations the temperature of the maximum of the peak is reduced 
only in 2 °C, which indicates a slight activation of the curing process as reported 
previously.34 The addition of a 40% of BN to the neat epoxy leads to a similar decrease 
in the temperature of the peak, but there is any influence on the CNTs filled 
formulations. The sample of 1 wt. % o-CNT/40 wt. % BN seems to be the most reactive, 
since a reduction of 3 °C in the temperature of the exotherm can be observed in 
reference to the neat epoxy. It seems to indicate a slight cooperative effect between 
both fillers. It is known, that the presence of protons, formed in the CNT oxidation, can 
help to catalyze the ring-opening polymerization.35,36 It must be mentioned that DSC did 
not allow to determine the Tg of the cured material, due to the constrained network 
formed.29 
Table 1. Composition of the ECC formulations and DSC data for all the mixtures. 
Sample Tpeak (°C) Δh (J/g) Δh (kJ/ee) 
Neat epoxy 122.4 603 76.1 
0.05% CNT 121.6 599 75.6 
0.10% CNT 120.5 594 75.1 
0.25% CNT 121.0 592 74.9 
0.50% CNT 120.5 594 75.3 
0.75% CNT 120.1 593 75.4 
1.00% CNT 120.5 593 75.5 
1.00% o-CNT 120.4 601 76.5 
40% BN 120.2 364 76.5 
0.05% CNT / 40% BN 120.9 363 76.4 
0.10% CNT / 40% BN 120.6 363 76.4 
0.25% CNT / 40% BN 120.8 363 76.7 
0.50% CNT / 40% BN 120.2 354 75.0 
0.75% CNT / 40% BN 120.8 353 75.3 
1.00% CNT / 40% BN 120.9 350 74.8 
1.00% o-CNT / 40% BN 118.9 353 75.5 
DGEBA formulations were also tested to know the effect of the fillers in their 
curing behavior. The higher viscosity of DGEBA makes more difficult the CNT dispersion. 
Since the use of solvents must be avoided, it was decided to combine mechanical mixing 
and the action of bath sonication to reach a good dispersion (see Figure 2B). In this case, 
only the formulations with a 1 wt. % of CNT or o-CNTs were studied (see Table 2). The 
addition of fillers to the DGEBA-CNT curing system produces higher differences in the 
DSC characteristics than in the previous formulations, probably as a consequence of a 
worst dispersion and the influence of the structure of this resin (Figure 3 and Table 2). 
In contrast to ECC mixtures, the storage stability of these formulations is limited to some 
days. Unlike ECC-CNT samples, in DGEBA formulations the fillers shift the reaction to 
higher temperatures, delaying the curing. The delay is more noticeable in BN 
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formulations, which could be explained by the dilution effect of the high quantity of 
filler. The differences in ECC and DGEBA mixtures could be related to the highest 
reactivity of ECC resins in cationic polymerizations. The curing achieved in all the 
formulation seems to be quite similar, because there is no difference in the enthalpies 
evolved per epoxy equivalent in the different formulations. In these materials, Tg could 
be appreciated and the filler seems not influence much the values, although the highest 
Tg was reached in samples containing both BN and CNTs. 
Table 2. Composition of the DGEBA formulations and DSC data for all the mixtures. 
Sample Tpeak (°C) Δh (J/g) Δh (kJ/ee) Tg (°C) 
Neat epoxy 121 542 101.3 132 
1% CNT 126 530 100.1 132 
40% BN 133 318 99.0 130 
1% CNT / 40% BN 134 314 99.5 134 
1% o-CNT 126 540 102.0 132 
1% o-CNT / 40% BN 134 317 100.4 134 
 
Figure 3. DSC curves of DGEBA formulations. 
3.2. Rheologic study 
The rheological behavior of polymers loaded with nanoparticles is one of the 
most important factors when these mixtures have to be processed. From the viscoelastic 
properties in oscillatory experiments it can be determined at what concentration for 
each type of particles the percolation is reached. It is known that not only the shape, 
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particle and matrix interactions, microstructure formed, and dispersion can determine 
the viscoelastic behavior of polymer-particles mixtures, but temperature is a very 
important influencing factor, and as consequence, can vary the concentration at the 
percolation.37,38 
In the present case, tube-like particles (CNTs) are used as fillers and they can be 
dispersed randomly or aligned thanks to the high aspect ratio and therefore, percolation 
threshold is expected to be reached at low concentration. The determination of this 
point is important since a sudden change in different properties can occur. In this study, 
the percolation threshold of the CNTs in the ECC solution has been determined, because 
it is important to be under this threshold to keep the electrical insulation character of 
the composites prepared. A temperature closely to room temperature (30 °C) was used 
considering industrial processing. Only the mixtures of ECC-CNT where evaluated since, 
the amount of BN added (40 wt. %) as filler exceeded the percolation threshold as was 
determined in a previous study.29  
 
Figure 4. Storage modulus (G’) and loss modulus (G’’) against frequency (ω) of the ECC-CNT mixtures at 30°C. 
All the mixtures were tested varying the amplitude at a fixed frequency (1 Hz) to 
determine the linear viscoelastic range (LVR), mandatory to determine the viscoelastic 
properties such as storage modulus (G’), loss modulus (G’’) and complex viscosity (η*) 
in experiments changing the frequency (ω) applied. Figure 4 represents G’ and G’’ 
towards the ω for all the mixtures. It can be observed at which concentration G’ is over 
G’’ at low frequencies (<1 rad/s), sign that percolation threshold is surpassed.31,39 This 
transition from liquid like behavior (G’’>G’) to solid like (G’>G’’) is located between the 
wt. % of 0.10 to 0.25 of CNT. It must be considered that this behavior is characteristic in 
this epoxy system with this type of particles used, the dispersion method applied 
(sonication) and the temperature at which the mixtures were examined.  
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As expected, the concentration of CNTs necessary to reach the percolation is 
quite low, common of nanoparticles with high surface area. In contrast, micro-sized 
particles, like 6 µm hexagonal BN platelets, in the same type of resin and at the same 
temperature, the percolation was reached at a proportion of 14.4 wt. %.29 
The plot of η* against ω for 1 wt. % of CNT and o-CNT are represented in Figure 
5. The plot shows a lower viscosity for the non-oxidized nanotubes. This means that the 
percolation with this filler would result in higher concentrations than the untreated 
filler, as it is common with functionalized CNT.40 The increase of the concentration to 
achieve the rheological percolation threshold in modified particles is explained as the 
changes in particles during the processing, the enlargement of particle-matrix 
interactions and, as consequence, as an improvement of filler dispersion.38,41  
 
Figure 5. Complex viscosity against frequency of treated and untreated CNT in ECC matrix. 
3.3. Thermal and thermomechanical analysis 
Thermal and thermomechanical properties were determined in all the cured 
composites. The most important information of the experiments performed by DMTA, 
TGA and TMA in the ECC-CNT samples are collected in Table 3. Nanoparticles added in 
polymer matrices and, specifically CNTs in this study, are known to greatly increase a 
wide range of properties which include mechanical and thermal characteristics using 
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Neat epoxy (ECC) 2.42 ± 0.02 210 352 1.8 12.9 ± 0.8 108 
0.05% CNT 2.73 ± 0.08 209 346 2.0 18.0 ± 0.9 101 
0.10% CNT 2.95 ± 0.04 214 342 1.8 21.4 ± 0.8 100 
0.25% CNT 3.04 ± 0.02 212 336 2.8 21.8 ± 0.9 100 
0.50% CNT 3.06 ± 0.04 214 330 3.1 22.9 ± 0.7 87 
0.75% CNT 3.33 ± 0.05 214 332 3.5 26.0 ± 0.9 85 
1.00% CNT 3.17 ± 0.03 215 329 3.6 25.2 ± 1.2 83 
1.00% o-CNT 2.92 ± 0.01 214 318 3.1 25.0 ± 1.3 82 
40% BN 6.50 ± 0.11 215 361 41.9 22.7 ± 0.7 78 
0.05% CNT / 40% BN 6.58 ± 0.12 212 359 44.1 24.3 ± 1.4 77 
0.10% CNT / 40% BN 6.61 ± 0.16 211 357 43.8 25.1 ± 1.8 72 
0.25% CNT / 40% BN 6.98 ± 0.39 210 351 44.4 25.0 ± 1.2 69 
0.50% CNT / 40% BN 7.01 ± 0.47 211 346 43.4 25.8 ± 1.6 69 
0.75% CNT / 40% BN 7.16 ± 0.14 212 342 45.0 25.9 ± 1.4 67 
1.00% CNT / 40% BN 6.68 ± 0.11 215 343 44.3 24.9 ± 1.1 64 
1.00% o-CNT / 40% BN 6.61 ± 0.41 212 340 44.1 24.0 ± 1.0 65 
a Young’s modulus determined at 30°C in DMTA with a controlled force experiment in the elastic material 
range. 
b Temperature of the maximum of the tan δ peak determined at 1 Hz in an oscillatory experiment by DMTA. 
c Temperature of 5 wt.% loss and final residue in TGA test at 10 K/min in nitrogen atmosphere. 
d Microindentation Knoop hardness. 
e Coefficient of thermal expansion (CTE) in the glassy state (50-75°C) determined by TMA. 
The values of Young’s modulus show an enhancement with the increasing 
addition of CNTs, up to a maximum at the proportion of 0.75 wt. % of CNT with an 
improvement of a 37.5 % in reference to the neat epoxy sample. Similar results were 
described by Ulus et al. were small proportions of CNT results in better mechanical 
behavior than increasing the concentration of nanofillers.42,43 On increasing the CNT 
content the viscosity of the formulation becomes higher and the possibility of the 
formation of agglomerates increases, which influence the processing and the final 
properties.44 The use of o-CNT leads to a diminution of the rigidity, probably due to the 
deterioration of the structure of the particles. This seems to indicate that the hydroxyl 
and acids groups on the surface does not produce any improvement in the interaction. 
With the addition of 40 wt. % of BN the rigidity is highly improved, more than twice of 
neat material as observed in previous studies29,39 as the result of the reinforcing role of 
the filler. The use of both CNTs and BN particles has a complementary effect in the 
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rigidity of the samples, slightly increasing their value with the same trend as the 
composites with only CNT as filler, which reach the maximum rigidity at 0.75 wt. % 
proportion. 
The rigidity of the composites with DGEBA as the matrix was also determined and 
the values obtained are collected in Table 4.  
Table 4. DMTA, TGA and TMA results from DGEBA-CNT composites. 










Neat DGEBA 2.17 ± 0.05 131 376 13.1 21.9 ± 0.9 80 
1% CNT 2.26 ± 0.04 145 372 18.9 21.9 ± 0.7 78 
1% o-CNT 2.37 ± 0.03 144 381 17.5 25.7 ± 1.0 72 
40% BN 5.49 ± 0.12 148 399 48.8 24.5 ± 1.3 72 
1% CNT/40%BN 5.63 ± 0.09 146 386 48.2 24.6 ± 1.1 56 
1% o-CNT/40%BN 6.26 ± 0.21 145 395 51.0 25.7 ± 0.9 57 
a Young’s modulus determined at 30°C in DTMA with a controlled force experiment in the elastic materials 
range. 
b Temperature of the maximum of the tan δ peak determined at 1 Hz in an oscillatory experiment by DMTA. 
c Temperature of 5 wt.% loss and final residue in TGA test at 10 K/min in nitrogen atmosphere. 
d Microindentation Knoop hardness. 
e Coefficient of thermal expansion (CTE) in the glassy state (50-75°C) determined by TMA. 
Young modulus barely increases with the addition of 1 wt. % of CNT. However, 
the oxidation of CNTs leads to a slightly higher rigidity. The results obtained seems to 
indicate that there is no interaction between the electronic density of phenylene rings 
in the resin and electronic density of CNTs on the contrary to our expectations, but the 
presence of reactive groups in o-CNTs can lead to covalent bonding with the resin to 
some extent. 
The Tgs of the composites derived from ECC (Table 3), which could not be 
determined by DSC due to the tight network formed, could be visualized by DMTA. The 
values remained within a narrow range of temperatures (209-215 °C) according to the 
rigidity and high crosslinking density of the epoxy matrix. The small variation by the 
addition of filler confirms the low interaction between fillers and the matrix. On the 
other hand, the temperature of tan δ peaks of DGEBA materials (Table 4) shows an 
increase of about 15 °C when the fillers are added, but in this case the temperatures 
were lower (131-148 °C). Both the addition of 1 wt. % of pristine and oxidized CNTs 
affects the tan δ values in a similar way than 40 wt. % of BN and any synergetic effect 
between the filers could be appreciated. In DGEBA composites the addition of fillers 
increase more the tan δ temperature than the Tg determined by DSC (Table 2). This can 
be related to the fact that these fillers somehow interact with the resin producing a 
more pronounced effect on thermomechanical tests than in techniques based on the 
change of the heat capacity, indicating their higher mechanical effect close to the 
relaxation temperature range. 
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The thermal stability of the composites was studied by TGA under inert 
atmosphere (see Tables 3 and 4). This is an important characteristic which determine 
the service life of a material when it is exposed to high temperature. It is known that the 
addition of CNTs to polymer matrices increases the thermal resistance of the composites 
mainly attributable to the good dispersion and interactions between the filler and the 
polymer matrix.45,46 Nevertheless, the impurities that remain in the nanofiller, due to 
the manufacturing technique, can accelerate the degradation process.47 The two types 
of composite matrices present a monomodal decomposition derivative plot, with an 
only pronounced step of weight loss. In Table 3, the TGA data for ECC samples are 
collected. As we can see, the initial decomposition temperature (T5%) decreases 
proportionally to the amount of CNTs added, but the addition of BN particles delays the 
decomposition process. The addition of the partially oxidized CNTs accelerates even 
more the degradation.  The char yield exhibits its dependence with the amount of filler. 
It should be noted the carbonaceous residue that promotes the addition of pristine 
CNTs. In contrast, although the addition of CNTs accelerates the degradation process 
and BN particles stabilize thermally the composites, the addition of o-CNTs increases 
moderately their thermal stability, which is sign that functionalization of nanotubes is 
more valuable with aromatic epoxy matrices. The notable difference of residue formed 
with ECC and the DGEBA composites leads to a predictable higher flame retardancy for 
the latter. 
For coating applications, the surface hardness is one of the main characteristics 
to ensure durability. The values determined for both types of composites are collected 
in the previous tables. In the case of ECC composites, the minimum addition of CNTs 
greatly increases the hardness, from 12.9 to 18.0 KHN and there is progressive increase, 
reaching a maximum at the 0.75 wt. % CNT proportion (26.0 KHN). When BN is added, 
the enhancement in hardness on adding increasingly proportions of CNTs get lost, and 
the maximum value is limited to 25.9 KHN with a 0.75 wt. % of CNT. The results with 
DGEBA resin make a difference. The addition of CNTs did not produce any change in 
hardness in reference to the neat epoxy (21.9 KHN). However, when o-CNTs are added, 
there is a notable enhancement (25.7 KHN), showing again that the modification has a 
greater effect when DGEBA is used as the matrix.  
The thermal expansion coefficient of the composites was analyzed by TMA 
experiments. The reduction of this coefficient is desirable since polymers expand more 
than metals or ceramics on increasing temperature. Thus, when they are used to join or 
coat surfaces of metallic or ceramic materials, temperature fluctuations can cause 
deadhesion, warping, cracking or the creation of internal stresses that over time can 
result in critical failures. In Table 3 it can be seen a reducing trend in the CTE with the 
addition of both type of fillers. The most important change in CTE was found on adding 
0.25-0.50 wt. % of CNT. A 40 wt. % of BN leads to a high reduction of the CTE value but 
proportionally, CNTs play a more important role in this improvement. In fact, the size 
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and shape of the particles greatly affect this property, since in previous studies with the 
same epoxy system, using a 6 µm sized BN, the reduction was greater.29 DGEBA 
materials have a lower CTE value and is slightly reduced by the presence of one of the 
fillers. The combination of CNT and BN has a synergistic effect on the CTE reduction. The 
CTE of neat DGEBA drops in a 30 % when both fillers are added. 
3.4. Microscopic inspection of composites 
It has been explained previously, that the dispersion of fillers in the matrix is one 
of the most important requirements to improve the final composite characteristics. To 
prove that a good dispersion has been reached, electronic microscopy inspection (ESEM) 
is highly recommended. Figure 6 shows some of the most representative micrographs 
of the fracture surface of the materials prepared with ECC as the matrix. 
As we can see, there is a good dispersion of oxidized nanotubes in the matrix 
(Figure 6A). When both pristine CNTs and BN were added to composites, both fillers are 
well dispersed in the matrix (micrograph not shown), but which is intriguing is the 
distribution of nanotubes on the BN surface. Figure 6B shows the surface of a BN platelet 
(in the inner of the composite) with a thin layer of resin containing nanotubes, and Fig 
6C shows an amplification of the BN particle surface. It can be observed how nanotubes 
are well distributed forming a co-continuous morphology of CNT-ECC matrix. It is also 
clear that CNTs have surpassed the percolation threshold.  
 
Figure 6. A) ECC with 1 wt. % of o-CNTs at 50k magnifications. B) ECC with 1 wt. % of pristine CNTs and 40 
wt. % of BN at 10k magnifications, and the amplification of the same sample at 50k magnifications. 
Figure 7 shows some selected micrographs of broken surfaces of DGEBA 
composites. 
 
Figure 7. A) Neat DGEBA resin at 800 magnifications. B) DGEBA composite with pristine CNTs at 100 
magnifications. C) DGEBA composite with o-CNTs at 100 magnifications. 
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The figures show in this case that the addition of pristine and oxidized CNTs leads 
to an improvement of toughness, since the crack propagation in Figures 7B and 7C, is 
more complex with more tortuous ways. In case of DGEBA, although a good dispersion 
of the nanotubes in the matrix could be observed, it was not possible to get clear images 
of them with this technique.  
3.5. Electrical resistivity 
The technological application of the materials developed in the present work 
requires the achievement of a maximum thermal conductivity without affecting 
electrical insulating character. For this reason, it is imperative to know the maximum 
amount of CNTs able to keep electrical insulation. By rheology we could determine that 
the percolation threshold in ECC/CNT mixtures was between 0.10 and 0.25 wt. %. 
However, this value can slightly differ from the proportion of CNTs to reach the electrical 
percolation. Thus, we selected different formulations with proportions of CNTs varying 
from 0.05 to 1 wt. %. Figure 8 represents the values of electrical resistivity for ECC 
mixtures (red bars). It can be seen, that even the minimum concentration of nanotubes 
added to the formulation (0.05 wt. %) sharply decreases the electrical resistance by 7 
orders of magnitude, which is no longer suitable for high insulation applications. This 
means that the electrical percolation threshold of the system is lower than 0.05 wt. % 
of CNT, under the rheological percolation. A good dispersion plays against the electrical 
insulation, since if the distance between the CNTs is close, the electrons can circulate by 
tunneling effect at a lower energy level, producing short-circuits in electronic devices. 
Between 0.10 and 0.25 wt. %, range of the rheological percolation, another fall of one 
order of magnitude is observed, and finally in the concentration range between 0.5 and 
1 wt. % of CNTs the resistivity values are in the range 102-101 Ω·m. The use of partially 
oxidized nanotubes improves to 102 Ω·m the resistivity, due to the fact that the 
oxidation of the nanotube surfaces disturbs the electronic transmission.  
In a previous work, in which expanded graphite and BN were combined as fillers 
in epoxy composites, we could prove that the addition of BN allowed us to increase the 
amount of carbon based filler in the formulation without losing electrical insulation 
properties.48 Other authors also reported that the addition of electrically insulating BN 
considerably increases the insulation character for graphene composites.49 Figure 8 
shows that in BN containing samples, as far as the concentration of CNTs is under 0.50 
wt. % the electrical resistivity is kept just one order of magnitude lower than the neat 
epoxy, 109 Ω·m, high enough to maintain good insulating characteristics. BN particles 
act as a barrier that prevent the circulation and tunneling effect of electrons between 
the conductive particles. At 0.50 wt. % of CNT in the sample with 40 wt. % of BN the 
resistivity falls down 5 orders of magnitude, going down further with the increasing 
content of nanotubes, but with higher values than CNT/epoxy composites. The addition 
of 1 wt. % of oxidized CNTs to the BN formulation leads to resistivity values one order 
of magnitude higher than a similar formulation with non-treated CNTs. From these 
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results it can be summarized that formulations containing 0.25 wt. % CNTs or below and 
40% BN could be the most adequate in terms of electrical insulation from all the ECC 
composites prepared.  
 
Figure 8. Thermal conductivities and electrical resistivities of ECC-CNT/BN composites. 
Similar trends can be observed in Figure 9 for DGEBA composites, although in 
this case less compositions were tested. While neat DGEBA epoxy resistivity is like neat 
ECC epoxy (1010 Ω·m) the addition of 1 wt. % CNT reduces drastically the resistivity 9 
orders of magnitude. As in the ECC mixtures the resistivity is slightly higher when the 
CNTs were previously oxidized. The addition of BN, as in the previous ECC composites, 
acts as a barrier to the transmission of the electrical current, but its effect is less 
pronounced.  
3.6. Thermal conductivity 
The large aspect ratio of one-dimensional filler such as CNT is expected to 
enhance the TC of polymers at relatively low filler fractions for the high thermal 
conductivity they possess, which is reported to be around 6000 W/m·K.50 Figure 8 
collects the results of TC of composites with different proportions of CNTs dispersed in 
the ECC matrix. The presence of CNTs in the composite enhance the thermal 
conductivity from 0.13 W/m·K for the neat epoxy to a maximum of 0.20 W/m·K, when 
1 wt. % of o-CNT was added to the formulation, which is more than a 50% of 
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of 0.19, when 0.75 or 1 wt. % of CNT were added. The addition of 40 wt. % of BN 
enhanced the conductivity up to values around of 1 W/m·K, with a maximum with a 1 
wt. % of o-CNT of 1.102 W/m·K. No appreciable differences were observed on increasing 
the amount of CNT in BN filled composites. Although a slight synergistic effect of BN and 
CNT of 8-11% is observed in the present study, the synergistic effect is much lower than 
that reported by Teng et al.25 with values of TC about 1.91 W/m·K, using a 30 wt. % of 
BN and 1 vol. % of CNTs. However, they do not measure electrical resistivity 
characteristics of the composites and they added epoxy functionalized CNTs and amino 
functionalized BN particles to the epoxy resin, which enhance the interactions between 
the matrix and fillers, necessary to get good thermal conductivity. However, the 
chemical modification of fillers could not be desirable for technological applications due 
to the high cost and the low availability of industrial modified fillers.  
 
Figure 9. Thermal conductivities and electrical resistivities of DGEBA samples at room temperature. 
If we consider both thermal and electrical conductivities, the samples containing 
between 0.05 and 0.1 wt. % of CNTs and 40 wt. % of BN are the best ones that fulfill the 
performance requirements for the applications desired. It should be noted that CNTs 
higher increase the viscosity, which is a drawback for their application. Thus, taking all 
of this into account, the best formulation is the one with 0.05 wt. % of CNTs and 40 % of 
BN. The composites obtained shows an improvement in thermal conductivity of around 
750 %, keeping a good electrical insulating characteristic. 
In case of using DGEBA as the epoxy matrix, we can see in Figure 9 that the 
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significant differences were observed with the oxidation of the nanotubes. The addition 
of BN alone leads to a TC of 1.04 W/m·K and the further addition of CNTs improves this 
property to approximately up to 1.10 W/m·K, which means an improvement higher than 
400% in reference to the neat formulation. However, the synergistic effect of BN and 
CNTs is of only 6 %, which is even less than in case of ECC formulations. Although we 
hypothesized the existence of π-π interaction between phenylene units in DGEBA and 
CNTs to improve filler-matrix interactions, finally these effects have not been noticed in 
the results obtained with this resin. 
4. Conclusions 
In the present study, the combined addition of CNTs and BN particles to ECC and 
DGEBA epoxy matrices have been studied with the aim to improve their thermal 
conductivity without deteriorating other properties of the thermoset systems such as 
their electrical insulating character or their mechanical and thermal properties. 
A low amount of 0.05 wt. % of CNTs well dispersed within epoxy matrix makes 
this material electrically conductive. However, on adding a 40 % of BN to the system, it 
is possible to increase up to a 0.25 wt. % the amount of CNTs to the system to improve 
significantly its thermal conductivity while keeping its electrical insulating character. 
More precisely, the most promising combinations of CNTs and BN achieved in this work 
lead to a synergistic effect of 11% in ECC matrix and of 6% in DGEBA. They are composed 
of 0.05 or 0.10 wt. % of CNTs and 40 wt.% of BN in ECC matrix, with a value of 1.07 
W/m·K, which means an improvement of 750 % in reference to the unfilled material. 
The replacement of pristine CNTs by oxidized nanotubes further improves the thermal 
conductivity of the formulation to 1.10 W/m·K. In the case of DGEBA matrix, the best 
thermal conductivity achieved is 1.10 W/m.K, which represents an improvement higher 
than 400% in reference to the corresponding unfilled system. 
Regarding the mechanical properties of the composites, the stiffness of cured 
ECC-CNT composites is found to be enhanced with both individual or joint addition of 
fillers but the highest improvement of Young’s modulus is achieved for the systems 
containing a combination of CNTs and BN particles. 
In addition, pristine CNTs seem to have a slightly higher influence on the 
improvement of mechanical characteristics in ECC composites whereas o-CNTs are 
found to have a higher influence in the mechanical properties of DGEBA systems. This 
result suggests that reactive groups generated on the surface of o-CNTs could be 
involved in covalent bonding in the case of DGEBA matrix. 
Interestingly, the thermal expansion coefficient of the composites is found to be 
positively reduced with the addition of BN and CNTs. DGEBA materials show a synergic 
effect of both fillers in the improvement of this parameter. 
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Finally, regarding the thermal stability of the composites, the presence of CNTs 
leads to a dual and antagonist contribution. More precisely, the CNTs are found to 
promote the formation of carbonaceous residues (the char yield under pyrolysis 
conditions is significantly increased) but at the same time, they are found to also 
deteriorate the initial temperature of decomposition of the composites proportionally 
to their amount in the composites. In addition, o-CNTs are found to accelerate even 
more the degradation of the composites. Anyway, the presence of BN particles allows 
to delay and attenuate this last effect in the composites containing both CNT and BN 
particles. 
All these results clearly highlight that CNT and BN make a valuable combination 
of particles to enhance the thermal conductivity of thermoset materials without 
sacrificing other properties of such systems. 
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Abstract 
Expanded graphite (EG) and boron nitride (BN) were used as fillers to impart thermal 
conductivity (TC) while maintaining electrical insulation of a homopolymerized 
cycloaliphatic epoxy matrix. Even though EG leads to a higher increase of TC than BN 
(550% of enhancement with only a 7.5 wt.% of EG), EG is also electroconductive and its 
ratio in the formulation must be lower than the percolation threshold. Formulations 
with proportions between 2.5-7.5 wt.% of EG as the filler and mixtures with EG and a 40 
wt.% of BN were thermally polymerized and composites with 70 wt.% of BN and 2.5/5.0 
wt.% of EG were also prepared under pressure and then cured in the oven. Over 2 
W/m·K was achieved (i.e. more than 1,500% of enhancement in reference to the neat 
epoxy). The composites containing a 40 wt. % of BN and 2.5 wt % of EG or 70% wt. % of 
BN and 5 wt % of EG were found to keep the insulation character. Mechanical and 
thermal characteristics of the prepared materials were also evaluated. 
Keywords 
Thermosetting resin, Layered structures, Polymer-matrix composites (PMCs), Thermal 
properties. 
1. Introduction 
Recently, the preparation and study of new nanocomposite materials has 
become a very important issue in different fields of science. Most of these composites 
are based on polymers.1-4 Indeed, their low density makes these materials the most 
promising candidates to replace metals or ceramics when weight is a restrictive 
parameter.5-7 Their good corrosion resistance, low production costs and easy 
processing, also make them more attractive than metals.1,6,8,9 In the sector of energy, in 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 





production and storage systems such as solar cells, fuel cells, rechargeable batteries and 
supercapacitors, there is also a great interest in thermally conductive coatings and 
adhesives.10 Thermal conducting composites are used in electric and electronic 
industries as packaging and coating, heat dissipation structures of light emitting diodes 
and heat sinks.1,8,9 Unfortunately, most polymers exhibit insulating characteristics, both 
electrical and thermal. To tackle this lack of conductivity, usually thermally or electro 
conductive nanofillers are added to polymer matrices.11 While the electrical conductivity 
of polymer composites can drastically increase at a given electrical conductive particle 
concentration, in accordance with the percolation theory,9,12 the dependence of thermal 
conductivity and filler loading are in most cases practically linear and does not exhibit 
large changes until high filler loadings.13  
Following the previous studies carried out by our group,14-17 the current work is 
focused on increasing the thermal conductivity of an epoxy resin while maintaining its 
electrical insulation. The prepared materials could be used as adhesives, coatings or 
packaging materials for electronic industry, usually called thermal interface materials 
(TIMs),18 thermally conductive adhesive (TCA),19 or electrical insulating layers of prepreg 
in a multilayer printed circuit boards (PCB). The selection of an epoxy resin as the matrix 
relies on the versatility of such systems in terms of curing agent and curing conditions 
and its good adhesion properties to a huge range of different surfaces, low shrinkage, 
good behaviour at elevated temperatures and high modulus and strength. All these 
characteristics make epoxy resins ideal matrices in composite material industries.20-23 
However, it is well known that epoxy resins have low thermal conductivity and 
considerable brittleness, which limit their use but the addition of inorganic particles can 
help to reduce both drawbacks.22 The introduction of particles in the epoxy matrix is still 
today the most economical and simplest method from the point of view of the 
application to increase thermal conductivity24 than the costly alignment of polymer 
structures.25  
In the present study, a thermal latent epoxy system, which proceeds through a 
cationically initiated mechanism, was selected to crosslink a cycloaliphatic epoxy resin 
(ECC). This system consists in a benzylanilinium salt, which is the cationic initiator and 
triethanolamine (TEA) as inhibitor of low temperature curing, which provides the 
latency. The system is distinguished for having a long pot life, fast curing once initiated 
and glass transition temperatures (Tg) of the cured material above 200 °C, which is 
considerable high in epoxy themosets.15,17 
The main goal of this work is the preparation of new hybrid nanocomposites, by 
combination of a carbonaceous filler with an inorganic material, all of them dispersed in 
the epoxy matrix. By the application of pressure, a higher filler loading could be added 
to the composite. The mechanical properties and thermal conductivity of these 
materials have been evaluated together with the insulating electrical characteristics. 
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Small proportions of carbon-based material (below the percolation threshold) were 
expected to improve some of these characteristics maintaining the electrical insulation. 
 Considering different studies already reported in the scientific literature,9,26-28 
we selected expanded graphite (EG) and boron nitride (BN) as the fillers, to determine 
potential synergic effects when added together to the formulation. EG is one of the most 
studied fillers in thermal energy storage systems.29 Some authors26,29 state that this filler 
enhances the thermal conductivity much better than other carbon-based materials such 
as carbon nanotubes, carbon black or carbon fibres. Other fillers like graphene or 
graphene oxide result much more expensive, thus limiting their use in technological 
applications. Corcione and Maffezzoli26 reported a good dispersion of the EG particles in 
the epoxy matrix and strong polar interactions of the filler with the matrix, attributable 
to the partially oxidized surfaces of the expanded graphite. The manufacturing process 
causes this partial oxidation since graphite, which is constituted by stacked layers of 
graphene, is converted in expanded graphite through chemical oxidation.8,26 When 
graphite is exposed to heat (thermal shock) it expands generating free space by 
evaporating the acid entrapped between the graphite layers.23 This space could be filled 
with the epoxy resin, which could homopolymerize, increasing in this way the filler-
matrix interaction that is highly convenient to reach a good heat transfer.  
Among all the inorganic particles commonly used to increase thermal 
conductivity, hexagonal boron nitride (BN) provides the best combination of properties 
and therefore this material has been selected for the present study. BN platelets present 
high thermal conductivity, low dielectric constant, high electrical resistivity, low 
coefficient of thermal expansion (CTE), low density, high mechanical strength and 
chemical and thermal stabilities.14,24  
2. Experimental 
2.1. Materials 
As the epoxy resin, 3,4-epoxy cyclohexylmethyl 3,4-epoxy cyclohexane 
carboxylate (EEW = 126.15 g/eq, from Sigma Aldrich, ECC) has been used. N-(4-
methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimonate, commercialized as 
CXC1612 from King Industries Inc., was mixed with 50 wt. % of propylene carbonate until 
dissolution. Propylene carbonate and triethanolamine (TEA) were provided by Sigma-
Aldrich and purified by distillation before use. Platelets of hexagonal BN of 180 µm of 
average, PCTP30D, were supplied by Saint Gobain Ceramic Materials. The particles were 
sifted with a sieve of 250 µm due to the high difference in particle size (manufacturer 
specifications state that product granulometry could include particle sizes of 1600 µm). 
Expanded graphite particles, BNB90, with an average of particle size of 85 µm and 
specific surface area (SSA) of 28.4 m2/g were provided by Songhan Plastic Technology 
Co., Ltd. 
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2.2. Sample preparation 
The epoxy neat formulation was prepared as described previously,15,17 by mixing 
1 phr (parts of initiator per hundred parts of resin) of CXC1612 and 0.1 phr of TEA. 
Proportions of 2.5, 5.0 and 7.5 wt. % of expanded graphite were added to the epoxy 
system. Graphite particles were dispersed by sonication (NextGen Inside 500 from 
Sinaptec Ultrasonic Technology), using 35% of amplitude during 20 s, divided in batches 
of 5 s (leaving 10 s between each batch). After sonication, vacuum at room temperature 
was applied to the mixtures during 1 h to remove the bubbles formed. The epoxy-
graphite mixtures were used to prepare new formulations by mixing 60 wt. % of these 
mixtures and 40 wt. % of BN particles. In this case, manual stirring until homogeneity 
was performed and then the samples were cured in a ventilated oven. Cylindrical 
samples with a BN content of 70 wt. % and 30 wt. % of epoxy mixture containing 2.5 or 
5 wt. % of EG were also prepared and a pressure of about 74 MPa to compact and shape 
the sample was applied prior curing in the oven.  
The curing of samples was carried out onto teflonated metallic moulds and 
following a multi-step temperature schedule at 100, 120, 150, 180 and 200 °C, leaving 
them 1 h at each temperature. 
2.3. Characterization techniques 
A modulated differential scanning calorimeter 2920 (MDSC) from TA Instruments 
was used to analyse the epoxy reaction system. Samples of ca. 3-5 mg were tested in 
aluminium pans in a nitrogen atmosphere. The dynamic studies were performed in the 
range of 30-250 °C with a heating rate of 10 K/min. Enthalpy released on curing the 
samples (Δh) was calculated integrating the calorimetric signal (dh/dt) using a straight 
baseline, with the help of TA Universal Analysis software. 
Rheologic experiments were carried out to the epoxy-EG mixtures in parallel 
aluminium plates of 25 mm diameter in oscillatory mode with an AR G2 rheometer from 
TA Instruments. The aim of the rheometric measurements were to determine the 
percolation threshold of the EG in the epoxy system. Linear viscoelastic ranges (LVR), 
when there is a constant value of shear elastic modulus (G’), were determined at 1 Hz 
and 30 °C, varying the applied strain. Viscoelastic properties, G’ and shear viscous 
modulus (G’’), were then determined in the LVR in frequency sweep experiments at 30 
°C. 
Dynamic mechanical thermal analyses (DMTA) were performed with a TA 
Instruments DMA Q800 analyzer. The prismatic rectangular samples (20 x 4.5 x 2.2 mm3) 
were analyzed by 3-point bending clamp at a heating rate of 3 K/min from 30 to 300 °C, 
using a frequency of 1 Hz and an oscillation of 0.1% of sample deformation. The Young 
modulus (E) was determined at 30 °C by means of a force ramp at a constant rate, 1 
N/min, never exceeding 0.25 % of deformation to be sure that only elasticity was 
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evaluated. E was calculated taken the slope between 0.1 and 0.2 % of the deformation 




  (1) 
where E is the elastic modulus of composite sample (MPa), L is the support span (mm), 
b and t are the width and the thickness of test sample (mm) and m is the gradient of the 
slope (N/mm). A minimum of 4 experiments were made for each sample. 
Thermomechanical analyses (TMA) were carried out on a Mettler TMA40 
thermomechanical analyzer. Square cured samples (9 x 9 x 2.3 mm3) were supported by 
the clamp and a silica disc to distribute the force uniformly and heated at 5 K/min from 
35 to 100 °C. A minimum force of 0.01 N was applied to avoid results distortion. The 
coefficients of thermal expansion (CTEs) in the glassy state of the material were 















  (2) 
where L is the thickness of sample, L0 the initial length, t the time, T the temperature 
and dT/dt the heating rate. 
Thermal stability of the composites prepared were evaluated by a 
thermogravimetric analyser (TGA) Q50 from TA Instruments under N2 atmosphere. 
Samples of ca. 6-9 mg were thermally decomposed on a platinum pan within the device. 
Global N2 flow (100 mL/min) was divided between balance flow (40 mL/min) and sample 
flow (60 mL/min). A heating rate of 10 K/min was used between room temperature and 
600 °C. 
Surface hardness was evaluated through Knoop microindentation analysis being 
consistent with ASTM D1474-13. A minimum of 18 valid determinations were 
considered with a confidence level of 95% for each material. Knoop microindentation 







  (3) 
where L is the load applied by the indenter (0.010 Kg), Ap is the area of indentation in 
mm2 and Cp the indenter constant relating l2 with Ap. 
Measurements of X-ray diffraction (XRD) were performed with a Siemens D5000 
diffractometer (Bragg-Brentano parafocusing geometry and vertical ϴ-ϴ goniometer) 
fitted with a curved graphite diffracted-beam monochromator, using incident and 
diffracted beam Soller slits, a 0.06° receiving slit and scintillation counter as detector. 
The angular 2ϴ diffraction range was between 5 and 70°. The data were collected with 
an angular step of 0.05° at 3 seconds per step and sample rotation. Cukα radiation was 
obtained from a copper X-ray tube operated at 40 kV and 30 mA. 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 





Environmental scanning electron microscopy (ESEM) was used to examine the 
fillers morphologies and dispersions and the breaking surfaces of the materials 
prepared. A Quanta 600 environmental scanning electron microscopy (FEI Company) 
allows collecting micrographs at 10-20 kV and low vacuum mode without the need to 
coat the samples with poor electrical conductivity. 
Electrical resistance of materials was tested using a multimeter 34410A 6½ Digit 
from Agilent Technologies at room temperature and based on ASTM D257-14 standard. 
The samples with higher electrical resistance (>108 Ω·m) were evaluated with a 
Megohmmeter Resistomat 24508 at room temperature and the same standard. 
Samples of 9 x 9 x 2.3 mm3 were tested between two stainless steel electrodes with a 
surface area of 19.635 mm2. A voltage of 500 V during 5 min was applied to thermoset 




  (4) 
where R is the electrical resistance measured by the device, A the electrode area and l 
the sample thickness. 
Thermal conductivity was measured using the Transient Hot Bridge method by a 
THB 100 device from Linseis Messgeräte GmbH. A HTP G 9161 sensor was used with a 3 
x 3 mm2 of area calibrated with poly(methyl methacrylate) (PMMA), borosilicate crown 
glass, marble, Ti-Al alloy and titanium. Two equal polished rectangular samples (9 x 9 x 
2.3 mm3) were placed in each one of the faces of the sensor. Due to the small size of 
sensor, side effects can be neglected. A measuring time of 100 s applying a current of 
10 mA to each sample. Five measures were done for each formulation. 
3. Results and discussion 
3.1. Calorimetric analysis of the curing of the prepared formulations 
In a previous study,15 the curing of the cycloaliphatic epoxy system (ECC) was 
performed. An optimal combination of 1 phr of benzylanilinium hexafluoroantimoniate 
(CXC 1612) and 0.1 phr of triethanolamine (TEA) as initiating system ensured a complete 
epoxy group conversion with thermal latent characteristics. The benzylanilinium salt 
leads to a cationic homopolymerization of the epoxy monomers with high reactivity. In 
fact, the real catalytic groups, which initiate the attack to the oxiranic oxygen, are the 
benzyl cations released on heating the ammonium salt.30-32 A high reactivity and an 
elevated degree of crosslinking were obtained because of the low nucleophilicity of the 
hexafluoroantimonate counter anion, which avoids the termination step in the epoxy 
homopolymerization. TEA was added as the thermal latent additive, since it converts 
the system in non-reactive until reaching temperatures in the range of 110-120 °C.33 The 
fact that the curing temperature is much higher than room temperature allows the 
reactive mixture to be stored for long periods, which is highly desirable for industrial 
applications. 
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Different proportions of EG were dispersed in the epoxy resin using a tip 
sonicator. Short sonication times were applied to the mixtures to avoid mechanical 
damage to the graphitic particles and to maintain the system unreacted, since the heat 
produced by the dispersion can lead to an undesired reaction if the temperature is highly 
increased. This technique results more efficient than the use of ultrasonic bath. To these 
mixtures, a 40 wt. % proportion of BN was added. Dynamic DSC scans of the different 
formulations are represented in Figure 1. If there is a great interaction between particles 
and matrix, some variations in the curing evolution must be expected. There are 
different facts that can affect this interaction: a) Both EG and BN have a similar 
crystalline structure, the surfaces are not reactive but the reactive groups at the particle 
edges could be bonded covalently with the resin and possibly participate in the curing 
process. b) The low viscosity and small size of the cycloaliphatic epoxy compound could 
allow its penetration into the EG interlayer spaces, which will lead to good interactions 
through partial oxidised surfaces. On the other hand, the absence of aromatic moieties 
in the epoxy resin prevents in the present case π-π interactions between particles and 
matrix. 
 
Figure 1. DSC exotherms of the epoxy mixtures containing EG or EG and BN. 
As it can be seen in the figure, neither the addition of EG nor the addition of BN 
affects the curing process, and the exotherm appears at the same temperature range, 
in contrast to what was observed in earlier studies with different fillers in ECC 
mixtures.15,17 Table 1 collects the most important data extracted from the DSC 























 2.5% EG + 40% BN
 5% EG + 40% BN
 7.5% EG + 40% BN
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change on changing the formulation. Enthalpy per epoxy equivalent evolved during the 
polymerization also remains similar, although the enthalpy released by gram is reduced 
on increasing the proportion of filler, as expected. These results also confirm that 
sonication does not produce any effect on the curing of the reactive mixture, confirming 
the stability of the formulation. The high crosslinking density of the network formed did 
not allow detecting, in a second dynamic DSC scan, the Tg of the final composites. 
 Table 1. Most important data extracted from DSC experiments. 
Sample Composition 







Neat epoxy 100/0/0 122 641 81 
2.5% EG 97.5/2.5/0 122 615 80 
5% EG 95/5/0 123 609 81 
7.5% EG 92.5/7.5/0 122 600 82 
2.5% EG + 40% BN 58.5/1.5/40 122 379 82 
5% EG + 40% BN 57/3/40 122 370 82 
7.5% EG + 40% BN 55.5/4.5/40 123 357 81 
a  Temperature of the maximum of the exotherm determined by TA Universal Analysis software. 
b Enthalpy evolved by the reaction per gram of mixture or epoxy equivalent determined by the same software 
using a straight base line. 
3.2. Rheological behaviour of epoxy-EG mixtures 
The use of electrical semiconductors as carbon-based fillers leads to lose the 
electrical insulation character of the composites at a given filler loading. Moreover, to 
reach a high thermal conductivity, percolation of the particles should be reached. For 
this reason, it is of great importance to know at which proportion of filler the percolation 
occurs. Rheological percolation threshold is usually slightly higher than electrical 
conduction percolation.34,35 Electrical percolation is reached at lower conductive 
particles content because of tunnelling effect can occur. However, in some cases they 
could be similar or even identical.36 In the present study, both EG and BN particles are 
added to the formulation but only EG particles can negatively affect electrical insulation. 
It should be said that the 40% of the BN particles used in the present study have surely 
exceeded the percolation threshold, since in a previous study with BN particles of 
average size of 6 µm, it occurred at a 14.4 wt. % of loading.15  Because the addition of 
BN does not increase the electrical conductivity of the composite, we have selected a 
40% of BN content that allows us to easily prepare by hand mixing the formulation and 
obtain homogeneous samples without the inclusion of bubbles. Therefore, only the 
rheological study of epoxy-EG mixtures was performed to determine the concentration 
needed to reach rheological percolation of EG particles in the formulation to know the 
maximum content of EG to keep electrical insulation. 
To determine the viscoelastic properties of the formulation, the linear 
viscoelastic region (LVR) must be considered. This means to determine the deformation 
to be applied where the mixture present a Newtonian behaviour. One of the simplest 
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methods to determine this region is performing experiments keeping a constant 
frequency (1 Hz) varying the sample strain applied. Figure 2 represents the elastic 
modulus (G’) in front of strain, because of it is more sensitive than G’’. The less filled 
formulation exhibits a practically constant modulus in all the range of strain tested, 
typical of dilute solutions with Newtonian behaviour. When the concentration of EG is 
5 wt. %, its curve shows a complex shape with a decrease of modulus, because the 
structure of the mixture breaks down. An increase of G’ with a shoulder shape when the 
amplitude achieved certain value can also be observed. This behaviour has been 
explained as a particle structure reordering because of the deformation applied 
according to Laun’s work.37 As expected for this type of mixtures, the LVR is shifted to 
lower strains when particle concentration increases, as it can be clearly seen in the 
sample with a 7.5 wt. % of EG. 
 
Figure 2. Elastic shear modulus (G’) against amplitude applied (%) from strain sweep experiments. 
 
Figure 3. Elastic (G’) and viscous (G’’) moduli against angular frequency (ω) of epoxy-EG mixtures. 
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Once selected the appropriate amplitude for each mixture, frequency sweep 
experiments were carried out. In Figure 3 both elastic and viscous modulus are 
represented. Following the scientific literature, it is usually accepted that percolation 
threshold of a filled mixture is achieved when G’ reached the same value as G’’ at low 
frequencies.16,38 On increasing the filler proportion in a formulation it can be seen how 
the transition from liquid-like (G’’>G’) to solid-like behaviour (G’>G’’) occurs. At low 
frequencies, this transition occurs between the formulations of 2.5 and 5 wt. % of EG, 
which means that the electrical percolation occurs at a filler loading of about 5% of EG. 
3.3. Thermal and mechanical behaviour 
Once finished the study of the curing of the formulations, the samples were 
thermally cured in the oven in a multistep temperature program, selected according to 
the results obtained by DSC and taking into account the results of the tests performed 
by DMTA analysis, aiming to reach the maximum Ttanδ value. The curing schedule that 
starts at 100 °C and ends at 200 °C has different steps with small temperature increases 
to avoid the generation of internal stresses within the materials. Although, because of 
the latency, the reaction is very fast, to reach the complete curing of the material 
requires temperatures about 200 °C. Tgs of the neat material and BN filled composites 
were determined in a previous study and resulted to be over 200 °C.15  
Figure 4 presents the storage modulus (E’), related with the elastic response of 
materials (Figure 4A), and the loss factor tan δ (Figure 4B), associated to the Tg, obtained 
by DMTA and the main data are collected in Table 2.  
 
Figure 4. Storage modulus (E’) (A) and tan  peak curves (B) against temperature. 
Figure 4A shows the increase of the stiffness and the mechanical response of the 
composites when the proportion of filler increases. Once reached the mechanical 
percolation (at about 5 wt. % EG) the effect of increasing the proportion of EG on the 
storage modulus evolution is not noticeable. Similarly, when a 40 wt. % BN is in the 
formulation, the increase of EG content does not influence the mechanical performance. 
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Moreover, the storage modulus is maintained up to 200 °C. These results demonstrated 
that the materials can be used in a long range of temperature without loss on their 
mechanical response. It should be noted the change in the slope of E’ in composites with 
5 and 7.5 wt% of EG since 250 °C, which differs from the curve of the materials with 
lower EG content, in both series of materials with or without BN. This mechanical 
difference could be related to the percolation phenomenon, sensitive to the particle 
interactions within the matrix. In Figure 4B the relaxation process of materials lengthens 
over a large temperature range, but the experiments, which were stopped at about 300 
°C to avoid degradation, showed that the materials were not yet completely relaxed, 
accordingly to their high crosslinked character. The most important difference observed 
among these materials is the increase of Ttanδ when BN particles are in the composite. 
However, the addition of EG does not lead to changes in the temperature of relaxation. 
As observed in previous studies15,17 the tan δ peak is broad and low, indicating a slow 
relaxation process and low homogeneity of the polymer network, as a result of the 
homopolymerization by ring-opening mechanism in the curing process, which is 
inherently inhomogeneous.39 The fact that the thermomechanical characteristics 
improve with the addition of fillers seems to demonstrate that there is a good interfacial 
interaction between particles and matrix.40  














Neat epoxy 229 2416 ± 20 296 1.9 115 12.3 ± 0.7 
2.5% EG 231 3097 ± 20 306 4.9 110 17.6 ± 0.8 
5% EG 230 3364 ± 60 342 7.8 78 20.2 ± 1.1 
7.5% EG 231 3388 ± 90 339 11.0 77 20.2 ± 1.4 
2.5% EG + 40% BN 240 4731 ± 150 350 46.0 64 16.7 ± 0.8 
5% EG + 40% BN 239 4876 ± 230 356 46.5 64 16.5 ± 0.6 
7.5% EG + 40% BN 239 5081 ± 350 355 46.9 64 17.3 ± 0.7 
a Temperature of tan δ peak determined at 1 Hz in an oscillatory experiment by DMA. 
b Rigidity of samples determined at 30 °C in DMA apparatus with a controlled force experiment. 
c Temperature of 5 wt % loss and final residue in TGA test at 10 °C/min in nitrogen atmosphere. 
d Coefficient of thermal expansion in the vitreous state determined by TMA, between 50 and 70 °C. 
e Microindentation Knoop hardness. 
By DMTA, in static controlled force test at 30°C, the Young’s moduli of the 
composites were determined. As can be seen from the values in the table, fillers play a 
reinforcing role into the matrix. There are clearly two sets of moduli, the first one in 
samples with only EG as filler, where about a 40%. of enhancement is reached. In this 
case, once percolation is overpassed the EG particles seem not to increase rigidity. The 
UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 





second set is formed by the composites with both EG and BN. In these materials, rigidity 
more than doubles the value of pure material. (from 2.4 GPa till 5.1 GPa) and the 
addition of EG seems not to enhance much the Young modulus. The maximum value 
achieved is below the previously reported with the 40 wt. % of BN (6.5 GPa).15 This lower 
value is due to the change of BN particles used, larger in the present study. As seen 
before, bigger filler particles worse the rigidity of the composites.16 Anyway, the rigidity 
is increased, and materials can be useful in some structural applications. 
The thermal stability of the composites was analysed by TGA experiments under 
inert atmosphere. Figure 5 shows the degradation curves and the main data extracted 
are collected in Table 2. The degradation seems to occur in an only process, 
independently of the composition of the formulation and the main differences are 
observed in the char residue, due to the different proportion of filler added. There is a 
pronounced increase in the thermal stability of epoxy-EG when percolation threshold is 
surpassed of about 30°C, a sign of a good particle interaction. All the char residues 
correlate with the proportion of filler added except for the samples including 40 wt. % 
of BN, where the residue is practically constant, because of the low relative variation of 
filler content among the samples. The increase of the initial temperature of 
decomposition is related with the decrease of the resin content that can be 
decomposed.  
 
Figure 5. Decomposition curves of the neat thermoset and the composites prepared performed by TGA 
experiments in N2 atmosphere. 
The dimensional stability of materials on changing the temperature is an 
important characteristic when they are used in devices where the temperature can 
change and are assembled with metals, such as occurs in electronic devices. To evaluate 
the effect of the incorporation of fillers to the matrix on the coefficient of thermal 
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expansion (CTE), TMA analysis was performed. Generally, CTEs of polymers are larger 
than metals, and higher than ceramics. As it can be seen in Table 2, the inorganic fillers 
incorporated to the matrix, as expected, reduce the CTEs of composites approaching 
them to substrates they can coat. There is a sharp reduction of CTE on reaching EG 
percolation threshold, but a further addition of this filler does not produce any 
improvement. There is also a reduction of CTEs in samples with 40% of BN, but the 
further addition of EG does not produce any change, since the percolation has been 
reached by the BN particles. 
From the mechanical characteristics, the hardness of materials was evaluated 
since it is an important property for coatings, since it confers them durability. In 
addition, this property is used to correlate with ultimate tensile strength (or breaking 
strength). In Table 2 the Knoop values are collected. Also, in this parameter, the addition 
of EG particles shows a high dependence on the filler loading until the percolation 
threshold is exceeded, and the addition of 7.5% of EG does not produce any 
improvement. The addition of BN particles led to a reduction of the surface hardness in 
comparison with materials filled with only EG. This result might be due to the decrease 
of cohesion of the material with such amount of filler, which is translated in an increase 
in the capacity to be deformed against penetration and a lower interaction epoxy-BN 
than epoxy-EG. 
3.4. XRD characterization and microscopy inspection 
X-Ray diffraction is a very powerful technique to characterize crystalline or semi-
crystalline materials and to determine unit cell dimensions and sample purities. The 
fillers used in this work and two different composites were analysed by this technique 
and the registered diffractograms are represented in Figure 6. Figure 6A presents the 
diffractogram of the BN used with the characteristic peaks of hexagonal structure 
pattern of the BN in the ICDD database (card number 01-073-2095) in red colour. All the 
peaks fit well with the pattern as it was expected. However, it can also be observed small 
signals, the more visible ones in the range of 28-40° of 2ϴ, related to the presence of 
calcium borate (Ca2(B2O5)). The pattern of this impurity (card number 01-089-6630) fits 
well with these signals and a rough semiquantitative analysis (Reference Intensity Ratio 
method) determine a ~6% of concentration. 
The X-Ray diffractogram of EG (Figure 6B) is represented together with the 
graphite pattern (03-065-6212), in blue colour, because both have the same crystalline 
structure. Nevertheless, some differences are shown. Peaks at approximately 42° 
(crystallographic plane 100) and especially 44.5° (101) are broader than the others are. 
Such broadening could be related with the distortion in the structure due to the 
expanded graphite used. In addition, the peak at 54.6° (004) has a lower intensity than 
the one of the graphite pattern. No impurities were detected in this diffractogram. 
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Figure 6. XRD diffractograms of the fillers: h-BN (A) and EG (B) and of the composites: 7.5 wt. % EG (C) and 
7.5 wt. % EG + 40 wt. % BN (D) 
Figures 6C and 6D correspond to the composites with 7.5 wt. % of EG and 7.5 wt. 
% + 40 wt. % of BN respectively. In both cases, they presented a broad peak at about 
17°, representative of the amorphous structure of the matrix. The peaks of the fillers 
are kept at the same diffraction angles, although partially covered by the epoxy resin. 
This confirms that the dispersion procedure did not affect filler crystal lattice. It should 










10 20 30 40 50 60 70
100
1000










































































UNIVERSITAT ROVIRA I VIRGILI 
NEW EPOXY COMPOSITES WITH ENHANCED THERMAL CONDUCTIVITY KEEPING ELECTRICAL INSULATION. 
Isaac Isarn Garcia 
 
Progress in Organic Coatings 2019, 133, 299-308 
199 
 
be noted, that the characteristic peaks of the two fillers appear at similar diffraction 
angles, since the two types of particles have the same crystalline structure, only 
differentiated by the cell size due to the different atoms in the structure. However, the 
peaks corresponding to expanded graphite have low intensity, because of its low 
proportion in the composites, but BN peaks can be easily distinguished. The first and 
most intense peak at about 26°, corresponding to the 002 plane of BN, is partially 
overlapped by the 002 plane of graphite. Despite this, in the Figure 6E, it can be 
observed how the peak has a shoulder at low angles because the BN and graphite peaks 
do not have the same position because the obvious differences in cell sizes. 
ESEM inspection can be used to determine the filler dispersion and the type of 
fracture by examining the surfaces of the fractured samples of the composites. We 
firstly examined the fillers used. Figure 7 presents a general view of the particles and a 
single particle (at higher magnifications) of BN and EG. BN particles exhibit a large 
dispersion of sizes, which might be appropriate to better fill the spaces within the 
matrix. In the micrograph of the single particles, we can observe the laminar shape of 
BN. EG particles present an amorphous shape as consequence of the thermal shock after 
chemical oxidation. 
 
Figure 7. ESEM micrograph of fillers used in the study. BN in row above and EG in row below. 
In Figure 8 fracture surfaces of different composites are presented. The figures 
above correspond to the composites filled with EG at the three different proportions. In 
the first one (2.5 wt. % of EG), it can be seen how most of the EG particles are isolated 
within the matrix whilst in the figure in the middle of the row (5 wt. % of EG) the particles 
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are closer to each other leading to the appearance of interconnected ways, which 
confirm that the percolation has been reached. A similar image is observed in the 
micrograph of the right, corresponding to the composite with the highest proportion of 
EG (7.5 wt. %) that presents more interconnected EG particles and few parts of pure 
matrix. The particles in all the samples appear homogeneously distributed. From the left 
to the right it can be seen that the fracture roughness increases, indicating that the 
addition of EG enhances the toughness of the materials. In the line below, the first 
micrograph belongs to the neat epoxy breaking surface. It must be noted how cracks are 
straight meaning a fragile rupture typical of fragile thermosetting polymers. In the other 
samples containing BN+EG fillers, the fracture lines are more tortuous, changing their 
direction on finding a particle, which produces a great increase of the energy absorbed 
by the impact, increasing their toughness. The higher magnifications of the micrograph 
in the right below allow distinguishing some EG particles in the matrix. 
 
Figure 8. Fracture surfaces of the neat material and the different prepared composites at different 
magnifications (100 and 800). 
3.5. Thermal conductivity and electrical resistivity 
Since keeping electrical insulation of this type of composites is crucial for their 
use in electronic devices, we firstly determined the electrical resistivity of the 
composites to know the highest proportion of the semiconducting EG filler able to keep 
the insulating characteristics. It should be commented that although 40 wt. % of BN is 
the proportion studied until now, samples with a proportion of 70 wt.% of BN have also 
been prepared, including proportions of 2.5 and 5 wt. % of EG to maintain good electrical 
insulation character, in order to increase even further the thermal conductivity. When 
adding a 70 wt. % of BN to the formulation the viscosity is highly increased and pressure 
moulding is needed to prepare homogeneous samples without bubbles. These samples 
could not be characterized by rheometry or DSC, because of their low content in resin. 
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As a comparison mode, a sample with 40 wt. % of BN without EG was also prepared. 
Electrical resistivity and thermal conductivity are represented together in Figure 9. 
In spite of the percolation threshold is found between the proportion of 2.5 and 
5 wt. % of EG, the measurement of electrical resistivity indicates a progressive reduction 
of this value on increasing the EG content till 7.5 wt. %. However, the value of 4.5 x 102 
Ω·m for the composite with a 5 wt. % of EG is too low to be considered as electrical 
insulator, which means that the electrical percolation has been overpassed.41 The 
addition of a higher proportion of EG, up to 7.5 wt. % leads to a further reduction in 
resistivity, with a value of 2.2 x 101 Ω·m. Thus, the proportion of EG in the epoxy matrix 
is limited to 2.5 wt. % to keep electrical insulation. As in a previous study,15 the addition 
of BN particles to the epoxy formulation keeps the electrical resistivity in the same value 
range of the neat epoxy (7.9 x 109 Ω·m for 40 wt. % of BN and 1.6 x 1010 Ω·m for the neat 
material). When 40% of BN is added to epoxy/EG samples, electrical resistivity increases 
in reference to the samples containing only EG as the filler. Since BN particles are 
electrical insulators, they act as walls that hinder the EG particle to interact each other, 
avoiding tunnelling effect and increasing the distance between electrically conductive 
particles. In case of materials with both BN and EG, the sample with a 7.5 wt. % (2.2 x 
101 Ω·m) cannot be considered as electrically insulating. On increasing the proportion of 
BN in the composite the resistivity is enhanced and the sample with a 70 wt. % of BN 
and 5 wt. % of EG has a resistivity of 2.4 x 106 Ω·m, which are typical values for insulating 
adhesives for electronic applications.  
 
Figure 9. Thermal conductivities and bulk electrical resistance (log scale) of the materials prepared, both 
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Thermal conductivities (TC) were determined at room temperature by the 
transient hot method. The results are also represented in Figure 9. It can be noticed the 
great impact on TC with the addition of low proportions of EG particles as reported by 
previous authors,1,26,29,42 with a much higher relative increase than in case of adding BN 
as the filler.15 The conductivity is almost tripled with the addition of 2.5 wt. % of EG 
(from 0.128 to 0.36 W/m·K) and almost doubled with the other two higher proportions 
(from 0.36 to 0.61 with a 5 wt. % and 0.84 W/m·K with a 7.5 wt. %). These values are 
higher than other reported using graphite nanoflakes20 (0.43 W/m·K at 8 wt. % of GN), 
probably due to aggregation phenomena of nanoparticles and the increased number of 
interfaces that results by the smaller size of the particles on comparison with ours.  
The values of TC in BN filled composites revealed that a higher proportion of filler 
is required to equal EG composites, since in a previous study15 a content of BN between 
30 and 40 wt. % was needed to reach conductivities comparable to composites with a 
7.5 wt. % of EG. In composites with a 40 wt.% of BN, the increase of EG proportion leads 
to an increase in TC, although the enhancement in conductivity is less pronounced and 
no synergic effect can be observed. This is due to the fact that the particles of EG, with 
a higher conductivity, are isolated each other by the presence of BN platelets, less 
conductive, acting as walls, similarly to what happens in the electrical conductivity 
behaviour. The two samples with 70 wt. % of BN, prepared under pressure, achieved TC 
over 2 W/m·K (2.08 with 2.5% and 2.22 with 5% of EG). These good results, with 
enhancements over 1600 % in reference to the neat epoxy, seem to confirm that not 
only the amount of BN and EG but the pressure applied plays a main role on increasing 
the thermal conductivity, avoiding the appearance of bubbles inside the material. 
Taking into account electrical resistivity and thermal conductivity values, we can 
state that the composite with a 70 % of BN and 2.5 % of EG is the best one to keep the 
electrical insulation of the neat epoxide with a high thermal conductivity. However, 
material with 70 % of BN and 5% of EG, with an even larger TC, still retains high insulation 
characteristics.  
4. Conclusions 
In this article, it has been proved that the addition of BN and EG to the epoxy 
formulations does not affect the evolution of the curing progress. The 
thermomechanical performance of the prepared composites is well preserved up to 
temperatures as high as 200 °C, thanks to their high Tgs and the thermal stability of the 
network formed. Thermal expansion coefficients are highly reduced and the 
microindentation hardness enhanced on increasing the proportion of fillers.  
ESEM images of fractured samples confirmed the good dispersion of the particle 
fillers in the epoxy matrix and the enhancement in toughness.  
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The addition of EG results proportionally much more effective to enhance the 
thermal conductivity than the addition of BN. For large filler loadings, the use of pressure 
is highly recommended to further increase the thermal conductivity in composites.  
In EG composites, the proportion of this filler in the epoxy matrix is limited to 2.5 
wt. % to keep electrical insulation. However, when 40% of BN is added to epoxy/EG 
samples, electrical resistivity increases in reference to the samples containing only EG 
as filler. 
The best compromise of properties was found for the composites containing 70 
wt. % of BN and 2.5 wt. % of EG and 70 wt. % of BN and 5 wt. % of EG. More precisely, 
the composite obtained from the formulation with 70 wt. % of BN and 2.5 wt. % of EG 
shows the highest electrical resistivity, similar to the neat epoxy thermoset (about 1010 
Ω·m), with a high thermal conductivity (increase of 1500 % in reference to the neat 
epoxy) whereas the material with 70 % of BN and 5% of EG, exhibits the highest thermal 
conductivity (1640 %) keeping good insulating characteristics (about 106 Ω·m).   
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9. General conclusions 
The most important conclusions extracted from the different chapters are: 
1. The use of N-(4-methoxybenzyl)-N,N-dimethylanilinium hexafluoroantimoniate 
(CXC1612) as cationic initiator constitutes a latent curing agent for the 
homopolymerization of DGEBA formulations, while the addition of a little 
amount (0.1 phr) of triethanolamine is required to reach a good latency for 
cycloaliphatic epoxy resins (ECC). The addition of small proportions of glycerol (2 
phr) to DGEBA formulations increases the curing rate in this system. The 
cycloaliphatic epoxy thermosets obtained presented a Ttanδ higher than 200 °C 
while DGEBA leads to a Ttanδ around 140 °C. 
2. The addition of BN nanoplatelets to the homopolymerized epoxies gradually 
increases the thermal conductivity of the composites obtained, reaching thermal 
conductivities in the range 0.99 to 1.06 W/mK (with a 40 wt.% of BN) in case of 
cycloaliphatic epoxy thermosets and 0.61 W/mK (with a 20 wt.% of BN) for 
DGEBA materials. 
3. On comparing the kinetic effect of the addition of Al2O3, AlN and SiC as the fillers 
in ECC formulations, we can see that Al2O3 delays the curing process, while AlN 
leads to an acceleration and SiC does not produce any kinetic effect. This 
behaviour could be attributed to the acid-base characteristics of the fillers 
interacting with the cations formed in the polymerization of cycloaliphatic epoxy 
resins. 
4. At the same loading, among AlN, Al2O3 and SiC fillers, the last one leads to the 
highest enhancement in thermal conductivity in ECC matrices, possibly due to 
the bigger size of the particles (1.12 W/m·K with a 70 wt. % of SiC). However, a 
higher proportion of AlN was needed to overpass the percolation threshold and 
the addition of a 75 wt. % of AlN produced the highest TC (1.21 W/m·K). 
5. The measured hardness of the ECC composite with AlN is the highest among the 
ceramic fillers studied, which could be attributed to a strong filler-matrix 
interfacial interaction. 
6. The surpassing of the percolation threshold positively affects thermal 
conductivity and mechanical properties. Filler parameters such as particle size 
and shape, aspect ratio, specific surface area, particle-particle and particle-matrix 
interactions and dispersion state influence the percolation threshold of the filler 
formulations. 
7. Thermal expansion coefficients decrease on increasing the amount of fillers in 
the formulation. 
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8. DGEBA-pentaerythritol tetrakis (3-mercaptopropionate) formulations were 
cured in the presence of 4-(N,N-dimethylamino) pyridine. The thermosets show 
a lower Ttanδ, hardness and Young’s modulus and thermal stability than 
homopolymerized epoxy matrices, due to the more open network structure. 
9. BN agglomerates of 80 µm lead to a higher increase in TC than BN platelets of 6 
µm from 0.97 to 1.75 W/m·K in thiol-epoxy matrices at the same loading.  
10. The addition of 0.05 wt. % of CNTs to the formulation produces the loss of 
electrical insulation properties. However, the addition of 40 wt. % of BN, which 
acts as electron barriers, allows to increase the CNT ratio to 0.25 wt. %.  
11. The addition of CNTs to epoxy matrices does not produces big improvements in 
TC, because of the small amount that can be added because lost in electrical 
insulating characteristics.  
12. Composites with mixtures of CNTs and BN as fillers reach TC values of 1.1 W/m·K 
in ECC and DGEBA matrices, keeping electrical insulation. The synergic effect 
between both fillers in TC is rather poor. 
13. The addition of small amounts (till 1 wt. %) of CNTs to the epoxy matrices 
enhances hardness, rigidity and reduces the thermal expansion coefficient.  
14. The oxidation of CNTs results in greater improvements in mechanical properties 
in DGEBA than in the cycloaliphatic composites. No much effect in TC is observed 
on adding the oxidized CNTs as fillers. 
15. Expanded graphite (EG) particles are much more efficient to enhance the TC than 
any other filler tested in this study. However, their inherent electrical 
conductivity limits their proportion in the formulation to 2.5 wt. %.  
16. The addition of 70 wt. % of BN platelets to EG-ECC matrix, which involves the 
application of pressure in the preparation of composite samples, highly enhances 
the TC (2.22 W/m·K) and allows the addition of 5 wt. % of EG with a sufficient 
electrical insulation (>106 Ω·m). 
17. The elastic modulus in the glassy state of the composites prepared is reduced as 
the size of the filler particles increases. A percolated network of small particles 
hinders the movement of the already epoxy constrained networks formed. A 
contrary behaviour is observed in the rubbery state. Large particles prevent the 
movement of the adjacent particles, while small particles can be repositioned 
with small displacements, resulting in a reduction in stiffness. From the ceramic 
fillers AlN led to the highest rigidity for these materials (14.4 GPa). 
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